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PREFACE

Tne Antenna Applications Symposium, held at

the University of Illinois' Robert Allerton Park, was

cosponsored by Rome Air Development Center's Electro-
magnetics Directorate (RADC/EEAA), Hanscom AFB, MA and
the University of Illinois' Electromagnetics Laboratory
under Contract F19628-86-M-0004. Professor Paul Mayes

if UI was the symposium chairman. Captain Daniel McGrath

of RADC/EEA was the symposium manager for the Air Force.
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A CENTENNIAL OF ELECTROMAGNETICS

Helmut E. Schrank, Westinghouse Electric Corporation
Baltimore, Maryland

INTRODUCTION

Here we are at another "Antenna Applications Svmposium®.

the tenth in this recent series of annual antenna meetings at
Allerton Park - preceded by about 23 similar meetings that were
called "Anncal Symposium USAF R&D Program.* That adds up to 33
such gatherings, which began around 1950 - gver g third of a
sentury 299:

Just think how many antenna engineers have been here over
the years to present and to near papers on the latest
technology, and to enjoy the pleasant surroundings of Allerton
Park plus the fine hospitality of the Unjversity of
[1l1inois! I think we should express ou: warmest thanks to all
those who have made these worthwhile antenna meetings possible,
especially to the fine staff members of the University of

I1Vinois Electrical and Computer Engineering Department.
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A third of a century' When you say it that way, 1t

sounds 1ike a Yong Lime. To some of you here, it represents
your entire 1ife so far, and yet some of us senior citizens
have been in the antenna tusiness even longer than that, But
what is really remarkable to me is the fact that our field of
interest - gntennas. or to put it more generically, the
business of electromagnetic radiation and reception - is Just
about one century old!

Next year in Europe and elsewhere there will be many
celebrations marking the 100-year anniversary of the First
experimental demonstrations proving the validity of Maxwell's
(now famous) equations. In 1887, a 30 year old German
physicist, Heinrich Rudolf Hertz., with his astonishing
insight, opened up the gqe of electrompgnetics (sometimes
called the “age of radio") and brought about 3 tyrning point
in world history. As we examine some of his most noteworthy
accomplishments later in this talk, we will see that Hertz was
truly the first microwave antenna engineer, and all the
amazing advancements in antenna technology that have taken

place since 1887 have been built on the firm foundation

provided by Hertz, the implementer of Maxwell s theory.




A_PLETHORA OF CENTENNIALS

Before reviewing the Hertz contributions to our field of
electromagnetics, let me digress for a few moments to note that
we have been celebrating 3 number of centennials (and one
half-centennial) in recent years, some related to our field of
interest, and some completely unrelated. The point is that for
some strange reason, the period around 1880 + a decade was an
unusually fruitful and productive time in the history of our

Western cividicalion.
In 1979, we celebrated the *Centennial of Light" to
commemorate the 100th anniversary of Thomas Alva Edison's

invention of the incandescent iight bulb. Edison's pioneering
work in electric lights as well as the generation and
distribution of electricity altered the lifestyle of the entire
civilized world. Even the appearance of our planet from outer
space was altered.

In 1283, the "Centennial of the Transformer® was noted,
particularly at Westinghouse, commemorating the invention by
Ganlord and §ibbs of this critical component in the eventual
success of the Westinghouse-promoted AC (alternating current)
electrical system over Edison's competing DC (direct current)

system.




In 1984, we celebrated the *IEEE Centennial", which some
thought a iittie strange since the IEEE was formed in 1332 by
merging the AiLEE with the IRE. However, the AIEE was founded
in 1884, and that is what was really commemorated by this
centennial. |

In 1985, a half-centennial was commemorated, namely the

50th Anniversary of Radar. This event was best documented by

Merrill Skolnik's fine historical review in the TlFE
Proceedings of February 1985. Many of us can relate to this
subject, because a significant number of notable antenna
advancements were made for radar applications. 1 personally
began my antenna career as a Mechanical Engineer at Bell Labs
(Whippany) in the early 1940's, designing parts for vintage
airborne radar systems including the AN/APS 1 and the
AN/APS-4. In those days, the acronym “"RADAR" was still
classified, and couldn't be used in ordinary conversation.
This year, 1986, marks the 100th Anniversary of the
founding of the Westinghouse Electric Corporation by George
Westinghouse, whom we have already mentioned as being the

genius and driving force behind the AC electricity system now




being used almost universally. Westinghouse (the corporation)

can also be noted for a number of historic firsts, including:

*

*

The first commercial radio station (KDKA, Pittsburgh)
The first production radar with planar array antenna
(SCR-270)

The first pulse doppler radar

The first TV camera on the moon

The first production radar with ultralow sidelobe

antenna (AWACS)

Other Centennials being celebrated in 1986 include the

»

following:
* The Statue of Liberty
* Coca Cola
* Sears Roebuck

Moody Bible Institute

While these have littie or no relationship to

electromagnetics, they show how productive a year 1886 was.

1987 will mark the Hertz Centennial on which we will now

focus our attention.




T TROMAGNETICS

One hundred years ago Heinrich Hertz (Figure 1) began his
experiments that proved the validity of Maxwell's equations,
and opened up a new world of technology that has directly
affected the lives of each one of us.

Hertz had received his doctorate "magna cum laude" from the

Berlin Physical Institute in 1880, at the age of 23. His

physics professor, Hermann von Helmholtz, was the first on

the European ;ontinent to study Maxwell's works and to
appreciate their significance. Helmholtz tried to influence
Hertz to investigate the validity of Maxwell's theory in 1879,
the year before Hertz graduated from the Berlin Academy, but
Hertz declined. One of the reasons he declined was the lack of
a detector for high frequency oscillations, which Hertz knew
would be necessary for investigating phenomena involving
fractions of a millionth of a second. Galvanometers and other
physical instruments available at that time were useless for
high frequency observations or measurements.

In 1885, Hertz accepted a position as professor of physics
at the Technische Hochschule at Karlsruhe, where he had a

well-equipped laboratory and discovered a simple but effective




means for detecting high frequency oscillations - a large wire
loop with an adjustable air-gap for observing sparks. The
air-yap conldé be adjusted with a micrometer to measure the
intensily or length of sparks, corresponding to the strength of
the electrical phenomena. Figure 2 shows the ~ircular loop
detector with a small telescope tc ohserve the spark gap. A

reclangular loop was sometimes used instead of a circular loop,

and worked equally well. Hertz now felt he could proceed with
the investigation of Maxwell's theories.

It must be remembered that when Hertz began his
experiments, twenty years had passed since the publication of
Maxwell's equations (see Figure 3jl Few people understood
Maxwell's mathematics and fewer stiil appreciated its
significance. Maxwell had essentially expressed the electric
and magnietic fields in the space (or dielectric) around the
conductors, and included the concept of a displacement
current, which ran contrary to most contemporary electrical
theories.

Maxwell also predicted that electromagnetic waves
propagated in space at the same speed as light travelled, and

postulated that 1ight itseif was an electromagnetic wave




phghomena. For twenty years, these radical concepts lay
. dormant and were largely ignored or disputed by the scientific
community.

\ .

K Hertz recognized thaf 1f the e]ectromagnetic waves
preéQcted by Maxwell travelled at the speed of light, and he
were o investigete these waves within the confines of a
1abora£ﬁry. he had to generate frequencies at least 100 times
higher than the highest anyone had achieved up to that time,
which was about 1 million cycles per second. Even at that
frequency, one wavelength is 300 meters, much longer than the
length of any laboratory he could get.

To generate the necessary high frequency oscillations,
Hertz used circuits like the one shown schematically in
rigure 4, consisting of an induction coil (A) hooked to a wire
dipole radiator (B-8B) having capacitive end plates (C-C) and a
spark discharge gap (G) in the center.

This was the first use of a balanced dipole antenna, a
Hertz innovation, and the length of the dipole was tuned to
resonate at the desired frequency. The detector circuit, shown

as a rectangular loop with a micrometer spark gap (M) at the

bottom of Figure 4, was also tuned to resonance. Figure S




shows some of the resonance curves plotted dy Hertz, in terms
of spark length (ordinate) versus total length of the detector
loop (abscissa) for a loop detector (top) and a spiral detector
(bottom).

Hertz not only had a clear insight into the theoretical
implications of Maxwell's equations, but also demonstrated
brilliant experimental inventiveness. He formed a directive
beam of electromagnetic waves by placing his
vertically-oriented dipole radiator at the focal line of a
parabolic cylinder reflector, shown diagrammatically in
Figure 6. A similar reflector was used with the spark-gap
detector circuit, and a photograph of the two reflector
antennas is shown in Figure 7 (B and C). Also shown is an
octagonal parallel-wire (3 cm spacing) polarization screen (E)
and a prism made of pitch (F).

With this and other apparatus, Hertz, operating with
wavelengths as short as 25 cm, demonstrated that
electromagnetic waves were polarized, and could be
reflected and refracted just like light waves.

Hertz summarized his experiments in a paper “On Electric
Radiation" which appeared in December 1888: "We have applied

the term rays of electric force to the phenomena which we have




favestigated. We may perhaps further designate them as rays of

1ight of very great waveiength. The experiments described
appear Lo me, at any rate, eminently adapted to remove any
doubt as to the identity of light, radiant heat and
electromagnetic wave motion. 1 believe that from now on we
shall have greater confidence in making use of the advantages
which this identify enadbles uc to derive both in the study of
optics and electricity."

The experiments that Hertz concluded were among the most
notable in the history of electrical science, and were a
distinct victory for the field-force theory of Faraday and

Maxweli. Hertz showed his skills for analysis as well as for

experiments in a paper on "The Forces of Electric Oscillations
Treated According to Maxwell's Theory" (1889), in which he

constructed the four diagrams of the field lines around a
spark-gap oscillator, shown in Figure 8. These four successive
diagrams show the radiation of electromagnetic energy through
space at four instants of time spaced at quarter-cycle
intervals: T=0, 1/4T, 1/2T, and 3/47. The formation of the
radiated fields is clearly depicted.

Convinced of the correctness of Maxwell's theory, Hertz set

about to interpret and simplify Maxwell's “Treatise". He and

-10-




the British electrical engineer, Qliver Heaviside, were the
first to change Maxwell's equations into the form that is now
found in most textbooks. Hertz published his papers on
electricity in a book “"glectric Waves"* which is a model of
clarity and thoroughness.

Unfortunately, Hertz developed serious health problems and
died on New Years day in 1894 at the age of (almost) 37. In
his short 1ife span, he opened up a new electromagnetic
spectrum that profoundly changed the world in which we live.

Let us now briefly review the results of his work in terms
of our field of interest, antenna engineering, during its
first 100 years.

THE FIRST CENTURY OF ANTENNA ENGINEERING

John Kraus, in his plenary session paper at the 1985 IEEE
AP-S/URSI Symposium, said, "If a William Proxmire had been

around in Hertz's time, Hertz's radio apparatus might have

* Translated into English by D.E. Jones and published in 1893

by Macmillan & Co., London. Reprinted in 1962 by Dover
Pubtications, New York.

-11-




received a Golden Fleece Award as a complete waste of money

and effort - a toy of absolutely no practical value. Yet from
this simple fundamental beginning has come all of wireless, all
of radio, all of TV, and all of space communications.® And we
can add, all of radar and all of radio astronomy have also
come from Hertz. And all these applications require the use of
antennas to transmit and/or receive signals,

Hertz apparently never considered applying his results to a
radio communication system, but the papers he wrote were more
readily understood than Maxwell's and therefore stim:iated
others to do sd. One of these was Marconi, who at the age of
20 happened to read a magazine article describing Hertz's
experiments, while on a summer vacation in the Alps. Young
Marconi became obsessed Qith the idea of using radio waves to
send messages without wires. He cut short his vacation, rushed
home Lo Lry the idea, and the rest is history.

Early antennas were made of wires, appropriate for the
lower frogquencies used in those days. In the 1930's, with the
development of radar and microwave technology, antennas soon
took the form of reflectors, lenses, and other derivatives of
oplical devices. Array antennas soon followed, and antenna

technology as we now know it developed rapidly.

12-




Some of the more spectacular reflector antenna designs are

represented by the huge radio gstronomy telescopes, including
Kraus' Big Ear, the Goldstone Deep Space Cassegrain antennas,
the 100 meter Effelsberg dish, and of course the 1000 ft.
Arecibo reflector.

More recently, low sidelobe offset Gregorian reflectors
have been design d for satellite communication Farth
stations, and many large unfurlable satellite antennas have
becn built for the orbiting part of cuch systems, including the
ATS-t and the TORSS antennas for examples.

Array antennas are alsc too numerous to mention except for
some notable examples, including the AN/FPS-85 USAF Spacetrack
antennas, the huge arrays for the Pave Paws and Cobra Dane |
radar _systems and perhaps the most impressive array of all,
the VLA (Very large Array) of 27 eighty-four ft. dishes for
+adio astronomy in Socorro, New Mexico. Not nearly as
impressive, but of importance for future airborne systems are
The conformal (non-planar) arrays being developed, including
cylindrical, conical, and spherical examples.

Lens antennas have not been as popular in recent years,
bul notable cxceptions are the multiple beam lens antennas used

in DSCS-I1I {Defense Satelilite Communication System).

-13-




A complete discussion of the thousands of diverse antennas
thal have been invented, designed, and used in this first
cenlury since Hertz would take many days or even months to
cover. Just look at this symposium - we are about to devote
two and & half days to a review of some three dozen antenna
papers, and by the time this year ends, there will have been at
least four other symposia devoted to antennas and related
electromagnetic topics in this country alone.

We are all part of a great scientific and technological *
community, building a body of knowledge on the foundations
given to us by Faraday, Maxwell, Hertz, Marconi, and many other

contributors, some of whom are still alive and active today.

THE CHALLENGES AHEAD

The challenges ahead for antenna engineers, scientists, and
educators are as diverse and exciting as they were 100 years
ago. Antennas for spacebased radar, global and interplanetary
communications, the space station, strategic defense
initiative, a lunar colony, a manned mission to Mars, all
present opportunities for inncvative design. We need smarter

antennas, with the ability to adapt instantly to changes ir

14-




mission or environmental conditions. We need active arrays

that generate coherent RF power in each element with high
efficiency to minimize heat generation. A remotely controlled
radio telescope on the moon could gather data from the farthest
corners of our Universe and relay the pre-processed images to
lahoratories here on Farth,

wWhen the attendees of the Allerton symposia of the next
ceatury look back &l our 1986 meeting, I'm sure they'll find a
number of notable contributors to their successes among our
generation. Who knows, we may have another Heinrich Hert:

right here in this distinguished group!

RFFFRENCES

1. John D. Kraus, “Antennas Since Hertz and Marconi"

IEEE Transactions AP-33, No. 2, Feb. 1985, pp. 131-137,
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HERTZ...

his discoveries
opened
the age of radio

Figure 1. Heinrich Rudolf Hertz (1857-1894)

Figure 2. Circular Detector Loop with Telescope
for Observing Sparks in Air-Gap
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Figure 3. Maxwell's Equations

-17-




M
Q ——O b
] 2
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Figure 5. Measured Resonance Curves Plotted by Hertz
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Figure 6. Hertz's Parabolic Cylinder Reflector Antenna

with Dipole Feed
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Figure 7. Apparatus used by Hert:z

(from Deutsches Museum, Munich)
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V-BAND SPACE-BASED RADAR ANTENNAS

Joseph A. Kinzel

Flectronics Laboratory

AD-P005 394

General Electric Company

« ‘ Syracuse, New York
1.0 ABSTRACT
/‘N

tions for V-band solid-state phased array antennas are presented

State—-of-the-art technology and the related design considera-

in this paper. One approach, with highly integrated tray modules
comprised of 20-30 transmit/receive monolithic microwave inte-
grated circuits (MMICs), also is discussed as well as the factors

involved in configuring such complex mndules into arrays.

=23~




2.0 INTRODUCTION

The Electronics Laboratory of General Electric has been
agressively developing gallium arsenide (GaAs) monolithic tech-
nology for phased array antennas since i980. The program ini-
tially concentrated on lower frequency transmit/receive (T/R)
modules, such as the C-band modules shown in Figure 1. These §
watt modules, completed in 1983 and 1984, utilize separate chips
for power amplifiers, low noise amplifiers, phase shifters, and
driver amplifiers. The module interfaces with a calibration circuit
or radiating element at the input and the array beamformer at the
output. The overall module has a width of l.'5 inches, which is
adequate for C-band array spacing to realize wide-angle scan.
Today monolithic microwave circuits for such microwave fre-
quencies are ready for production, and transmit-receive modules
are in advanced stages of development.

During the last two years GE has extended its GaAs phased
array technology to millimeter-wave frequencies, with emphasis at
60 GHz. The development of a low cost, high performance, solid-
state technology presents a real engineering challenge, especially
when complex functions (amplifications, phase shifting, amplitude
weighting, power conditioning, etc.) must be implemented consis-
tent with grid spacings of 100 mils.

One approach being implemented by General Electric for V-

D=




band phased arrays is applicable to both radar and communications
arrays. The present discussion, however, will concentrate on

radar applications, and more specifically monostatic radar.

Figure 1. C-Band Modules

3.0 ARRAY APPROACH

The design of millimeter-wave arrays involves a tangle of

complex technology issues, as illustrated in Figure 2. Such design

-25-




must simultaneously consider each of the requirements represented

arnund the figure's periphery. We emphasize simultaneously

since, contrary to lower frequency arrays where electrical, ther-

Compatible CTE
lieat Removal
Thin Substrates

for Power,
Gain. Low
Noise Chip
Size

Rigidity
Size Weight

Material Precision

Figure 2.

No. of Chips,
Submodules, Trays
No. of Functions
(HPA ,LNA, Phase Shift)
Polarization

Module
Function/
Complexity

Module vs.
Carrier vs. Chip

Thermal
Management

Phased Size/ Depth
Array Weight Beamformer
Reqjuirements) Constraints § (Space,
Constrained)
Material
Mechanicai
Structure
Plug In vs.

Solder

Life Cycle
Cost

Fabrication
Assembly
Chip Cost/Yleld
Reliability
Testability

V-Band Array design Presents 2 Tangle of Complex
Technology Requirements
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mal, and mechanical requirements can be initially addressed inde-
pendently and later integrated, such latitude does not exist for
the extremely dense structure of a 60 GHz array. For example,
the mechanical structure, thermal management, module replacabil-
ity, and size constraints are highly interdependent. Similarly,
module complexity, cost, hermeticity, thermal management, and
MMIC design become intertwined.

Generally speaking, monolithic array design can be classified
into two configurations, which we refer to as "bricks" and "tiles."
The two approaches are illustrated in Figure 3. The "tile" con-
cept, similar tc bathroom tiles, places the GaAs circuits parallel to
the plane of the aperture. The radiating element, often a patch
radiator, is in the same plane as the monolithic circuits, hence
they share the available aperture space. Alternately the circuits
can be stacked on top of or behind the radiators necessitating via
o plated-thru hole connections.

The "brick" concept utilizes MMICs formed with wafer strips to
realize a module that is orthogonal to the aperture plane. This
approach takes advantage of array depth to accommodate the MMIC
circuits and avoid compromising radiation efficiency. A comparison
of bricks and tiles in relation to these array requirements is shown
in Table 1. This table indicates the salient features for V-band
implementation involving very densely packed modules.

After balancing the tradeoffs for V-band monostatic radar, the
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TABLE 1.

V-BAND ARRAY "BRICKS" VS "TILES"

Requirement

Brick

Tie

Module
Function/Complexity

Hermeticity

Size/Weight

Replacability

Cost

Mechanioal Structure

Chip Specs/Design

Therma! Management

" Depth dimension
accommodates more
functions (T/R
posaible)

Can be accomplished
et module or tray
level

Minimum depth favors
constrained feed

Space available for
mechanical and
thermal attachment

Single layer planar
construction lends
itself to automatic

sssembly

Available volume
between rows
Accommodate efther
constrained feed or
space feed

Comparable

More surface area for
heat removal

Better acoommodates
orthogonal polarisa-
tions

Complicated by
radiating element on
same surface

Less size and weight

for comparable func-

tions since smaller
depth

Very difficult

Repair more costly

Less antenna depth
Multilayor
construction

Comparable

Multilayer construc-
* tion incresses
thermal resistance

Possibly Accomodetes
thermal radiation

brick- type construction looks more promising primarily because

the depth dimension is desirable to accommodate the required

module functions while maintaining a planar structure for low-cost,

automatic assembly.

One concept for a V-band brick module is shown in Figure 4.

-29~




A large number of T/R circuits can be incorporated in a single
module?tmy. At 860 GHz as many as 24 radiating elements with
agsociated circuitry can be sccommodated in a single tray with
dimensions less than 1 in. by 3 ine The T/R circuits in a tray can
be controlled by a single module controller, memory chip, and
optical receiver/decoder chip. Power conditioning, if needed, also
can be incorporated with a fourth circuit chip.

Most importantly, at the heart of the tray module, there is the
issue of performance, in particular the radiating element and cir-
cuit technology which must achieve the required noise figure,
output power, amplifier gains, and phase shift as well as radiat-

ing-element gain, efficiency, and patterns.

MODULE
CONTROLLER

MEMORY
CHIP

OPTICAL
MMiC'S DECODER

LINE ARRAY STRUCTURE
& COOLANT CHANNELS

Figure 4. V-Band Brick Module Concept
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4.0 CIRCUIT TECHNOLOGY

The submicron device technology has progressed much more
rapidly than anyone envisioned two years ago. State-of-the-art
advances now make it feasible to develop V-band phased arrays.

Device noise figures as low as 2.5 dB have been neasured from
General-Electric-fabricated HEMT devices as shown in Figure 5.
Significantly lower noise figure can be expected during the next
one to two years. This development means that a 2.5 dB noise

figure will be realized from a multistage V-band amplifier using low
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Figure 5. Low Noise HEMT Performance
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loss matching circuits with further device improvements. The
recently awarded AFWAL V-band technology contracts are expect-
ed to advance the technology dramatically.

Achieving millimeter-wave power performance with high effi-
ciency is the most difficult technical challenge. However GE and
others are aggressively addressing the state of the art for power.
Table 2 presents recent power measurements on GE FET and HEMT ’
devices. A power design of 0.41 w/mm has been achieved with 12%
efficiency. Over the next year dramatic increases in power and
efficiency performance can be expected from three terminal GaAs
devices. New materials and devices, such as indium antimonide

(InP) MISFET, alternately may be highly efficient power sources.

TABLE 2. 60 GHz POWER PERFORMANCE

Device Output Output Power-
Power Power Power Added
(mW) (W/mm) Gain (dB) Efficiency %
50 ym HEMT 21 0.41 3 12
50 ym HEMT 12 0.24 3 9

Solid-state phese shifter developments for 60 GHz continue as
well, involving FET, Schottky diode, and PIN diode technology.
Generally speaking, the pin diode is the lower loss option,

although it requires a modest amount of DC power. To date, only
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a limited amount of data is available on 60 GHz solid-state phase
shifters.

In addition, radiating elements at 60 GHz currently are under
development. One example of this work is presented at this con-

ference.

5.0 SUBARRAY CONSTRUCTION

For large array applications it is most desirable to configure
the aperture using identical subarrays, with each subarray com-
prised of identical tray modules.

For applications requiring large angular resolution and large
bandwidth, the bandwidth is a major factor in determining sub-
array size, if adopting subarray time-delay compensation. In this

situation

where D = array diameter; © g = maximum scan angle; Af = signal
bandwidth; and C = velocity of light.

For a 2 GHz bandwidth at geosynchronous orbit  10°), the
maximum size is .86 meters. However the maximum size drops to
.1732 meters for lower-orbit, wide scan-angle (¢ 60°) systems.

The *10° scan array requires element spacing of .0049 meters,
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whereas the * 60° scan angle requires .0031 meter spacing,

assuming triangular grid spacing. The subarray for t 60° scan

then reqxiires 2,842 radiating elements, corresponding to approxi-

mately 100 tray modules. A concept for a hexagonal array for a

space-feed subarray is shown in Figure 6. Other factors that can

affect the subarray size include:

Beam pattern degradation resulting from any element
occasions between subarrays.

The tray module gain compared to available RF drive
power,

Current handling in the subarray.

Controller architecture.

RF

SPACE FEED ABSORBER
SHROUD COOLANT

‘\\\\m“\\“\\\% S

U

Figure 6. Discrimination Radar Space Feed Concept
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) Heat removal from the subarray.

. Assembly/yield issues.

6.0 SUBARRAY VOLUME

As previously shown, tray modules (containing radiating
elements, MMIC circuitry, controller chips, optical decoder/ampli-
fier chip, and power management chip), the subarray support
structure, and heat-removal spacing can be realized, with the
brick construction, in a one-inch depth. Other systems also
require volume that tend to increase subarray depth. These

include: 1) the RF signal distribution for transmit power as well

as receive beamformer for delta azimuth and delta elevation; 2) RF -

calibration circuits; 3) prime DC power (bias) distribution; 4)
control signal distribution to each tray module for phase shift,
variable gain, and T/R switching control; 5) heat removal at the
subarray level; and 6) mechanical support to tie together all
subarrays. The subarray concept chown in Figure 6 uses a

space-feed transmissive lens for distribution of all RF signals.

For application where depth is a real premium, the space-feed
approach may be replaced by constrained-feeds and fiberoptics
technology. However, when looking ahead, it will not be practical
or necessary to use one array or subarray for all applications, if

and when the components, which are replicated with the number of
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radiating elemenis {namely the active circuitry with its associated
packaging), can be made common, and the cost of each phased-

array system is dramatically reduced.
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AN ANTENNA SYSTEM FOR AN EHF SATELLITK EARTH TERMINAL
AND ITS CALIBRATION*t

by Lawrence W, Rispin
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts

1o

(&_ABSTRACT
*\%‘

The antenna system for a 44/20 GHz earth terminal to be used
to measure on-orbit satellite performance and the facilities used
in its calibration are described. Built around a 8-ft. diameter
Cassegrain antenna mounted on a pedestal positioner, the entire
system is enclosed within a 17-ft. diameter radome. The antenna
uses a frequency-selective-surface to diplex the 44-GHz uplink sig-
nal from a scalar horn and the 20-GHz downlink signal to a five-
horn tracking feed. Mounted directly to the back of the antenna
are a 20-GHz receiver front-end, a 5-W 44-GHz transmitter, and a
transmit power attenuator used to precisely control terminal EIRP,
Individual calibration of each of these units in conjunction with
gain measurements on the radome-enclosed antenna allow a prediction
of the overall antenna system performance, in terms of downlink G/T

and uplink EIRP.'A{ T

Gain and pattern measurements were made with the aid of two
boresight towers. One tower at a relatively great distance per-
mitted far-field measurements while the much nearer tower required
the use of small correction factors. The nearer tower was also
instrumented to support rapid, periodic G/T and EIRP measurements
on the antenna system as a whole.

The different approaches to calibrating the performance of the
EHF antenna system are compared, and the accuracy to which the
antenna system can perform its primary function of evaluating the

performance of an on-orbit satellite are discussed.

*This work has been sponsored by the Department of the Air Force,
tThe views expressed are those of the author and do not reflect
the official policy or position of the U.S. Goveranment,
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1.  INTRODUCTION

The near-term reality of a 44/20 GHz satellite communication
system called for the construction of a cost-effective earth ter-
minal antenna system which would utilize advanced-but-reliable
technology witi: the forewmost purpose of evaluating and calibrating
satellite on-orbit performance. Basic specifications for the

antenaa system read as follows:

Uglink EIRP
Variable from 20 to 60 dBW with <1 dB variation 43.5 to 45.5 GHz

Downlink G/T
Minimum 19 dBi/°K with <*0,5 dB variation 20.2 to 21.2 GHz

In pursuit of these goals, the definition of the antenna system
relied upon the anticipated availabilities of the following

components for the indicated applications:

Uplink Transmitter
5 Watt, 43.5 to 45.5 GHz solid-state power amplifier

Downlink Receiver
Low noise amplifier > 30 dB gain with 2.8 dB NF, 20,2 to 21.2 GHz

From these starting points and the assumed performance budgets )

given ia Table 1, design of the antenna system was initiated.

The antenna system would be mounted on a steel tower located

on the roof (Fig. 1) above the control room where baseband process- '
ing would be performed. 1In addition to a radome and the necessary f
pedestal-positioner, the major elements would inciude: the antenna

and feeds, transmitter and power attenuator, receiver front-end,
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digital control system and assorted anclllaries. These elements
are indicated in a simplified schematic diagram in Fig. 2. A
photograph of the completed antenna system showing these items
(Fig. 3) will assist in the discussions to follow, Concise
descriptions of the major elements of the antenna system and the

neasurement of its performance will be given.

2,  ANTENNA AND RADOME

An 8 ft. diameter Cessegrain reflector (Fig. 4) satisfied the
gain requirements and was judged to be the 1largest acceptable
antenna which could be mounted on a relatively inexpensive
pedestal-positioner. The main reflector is of metalized fiberglass
construction with an F/D of 1/3. Common use of the reflector by
both uplink and downlink signals 18 realized by a frequency-
selective-surface (FSS) featuring Jerusalea cross type elements
gsandwiched between two dielectric layers (Fig. 5). The downlink
signal passes through the FSS to a five-horn tracking feed and
pseudo mono~pulse comparstor. Two switchable ferrite circulators
in the comparator simulate a PI switch (Fig. 2), while a third
allows a choice detween pairs of azimuth and elevation horns which
are positioned about the main (center beam) horn. A computer in
the control room effects the "dither"” of the tracking feed and
controls the pedestal-positioner so as to minimize the difference
between the signal level receilved for each of the four beam dither
positions. Conversely, the uplink signal from a scalar feed horn
is reflected off the FSS to the subreflector and on to the main
reflector. Downlink antenna patterns (dithered in azimuth) are
shown along with the uplink azimuth pattern in Fig. 6. Elevation
patterns are similar, Protection from the elements for the
antenna, its feeds and the pedestal-positioner is afforded by a
17 ft. diameter metal-space—frame radome (Fig. 4). Table 2 gives a
detailed account of the gains and losses 1in this section cf the

antenna system.
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3. UPLINK TRANSMITTER AND ATTENUATOR

The 5 Watt 44 GHz transmitter resides in a central location
behind the main reflector (Fig. 3). It consists basically of a low
noise 11 GHz amplifier driving an integral 11 GHz power amplifier/
frequency quadrupler/44 GHz impatt diode amplifierl and necessary
DC power supplies (Fig. 2). Output power from the impatt diode
anplifier is a nominal 5 Watts (Fig. 7) across the uplink band. A
44 GHz bandpass filter, cross-guide coupler and waveguide following
the amplifiér reduce this output power by about l.1 db.

Mounted on the back of the reflector, to the right of the
transmitter (Fig. 3), is a variable attenuator which gives precise
control over the uplink EIRP, This attenuator will be used in link
tests and bit-error-rate tests on satellites in orbit., Utilizing
five switchable ferrite circulators to give three paths for 1low,
medium and high attenuation with a variable power divider (VPD)
common to the medium and high paths, this unit offers between 2.0
to 45 dB of attenuation to the uplink signal in approximate 0,1 dB
steps. Accuracy with regard to programmed attenuation is about
+1.0 dB for up to 40 dB in attenuation (Fig. 8). Diode detectors
are presently used to monitor transmitted power levels.

An estimate of uplink EIRP is available from the product of
the power at the uplink antenna port and the effective antenna gain

at the same point as indicated in Table 3.

4, DOWNLINK RECEIVER

The receiver front—-end (Fig. 2) is built around a low noise
amplifier2 and a 20 GHz double balanced mixer. Mounted behind the
main reflector to the left of the transmitter (Fig. 3), the
recelver interfaces immediately to the output of the pseudo
mono-pulse comparator., Measured gain is 4 nominal 59.5 dB with a
3.0 dB noise figure (Fig. 9). A switchable ferrite circulator and

“calibrated” noise source (Fig. 2) provide a means of
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estimating G/T for the antenna system based upon a determination of
antenna system noise temperature T and a separately measured value
for downlink antenna gain (see Table 4).

S. DIGITAL CONTROL SYSTEM

Communication between the antenna system and the control room
is provided by two RS-232 links. One interfaces directly to the
pedestal-positioner, The other 1ntertaces with a specially-built
RS-232 interface circuit card which provides two 4-bit data buses
and 12 strobe lines for control/telemetry circuits in the receiver,
uplink power attenuator, AC control unit, and a general purpose
telemetry unit (Fig. 2). The AC control unit distributes AC powver
to the power supplies for the receiver, transmitter and uplink
attenuator.

Primary RS-232 control functions include: turning the
receiver and/or transmitter ON and OFF, “"dithering" the tracking
feed, control of the antenna switch and noise source configuration
in the recelver, and setting the attenuation level in the uplink
attenuator. Primary telemetry quantities iunclude: receiver LO
power; uplink power; various oper:iting system quantities such as
voltage, current, and temperature; and readback of all control

function commands.

6. BORESIGHT TOWERS

Two boresight towers>

were instrumented (Fig. 10), a temporary
one in the far-zone (6 miles) and a more permanent installation
mech nearer the antenna system. Measured gain of the 8 ft. antenna
(via the wsual substitution technique with a known standard) from
both facilities {8 shown in Fig. ll. Subsequent measurements using
the nearer tower necessitate the inclusion of small correction
factors (for uplink only) available from this figure in order to
simulate a far-field condition. Both towers are coantrolled via

telephone links from the Laboracory.
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The nearer tower (Fig. 12) 1is also capable of supporiing
rapid, periodic EIRP and G/T measurements., Uplink EIRP determina-
tions are made in a "direct” wmanner based upon the power received
by a calibrated antenna within the boresight tower. Table 3 1llu-
strates this calculation and gives estimates for the anticipated
error,

Precise control and accurate calibration of the amount of
downlink power transmitiad from the boresight tower allow "direct”
G/T measurements to be obtained from signal~to-noise ratio esti-
mates at the output of the downlink receiver. This calculation is

detailed in Table & and error estimates given.

7. ANTENNA SYSTEM PERFORMANCE

The uplink performance of the EHF antenna system estimated
indirectly and measured directly is displayed in Fig. 13. Upper
and lower bounds were determined by the estimated accuracies of the
quantities Involved in the manner indicated in Table 3. Although
slightly below the original desired level, the confidence lent by
the relatively good agreement seen in Fig. 13 is quite acceptable.
Error bars show combined (RSS) uncertainty and accuracy.

Downlink performance of the EHF antenna system estimated by
both indirect and direct methods is shown in Fig. 14. Table 4
details the contributions to the determination of the errtor
bounds. Comfortably above the original requirements for G/T, the
agreement between the results of the two methods lends credibility
to the results of both techniques, At higher elevations, above
that of the boresight tower, G/T improves by about 0.5 dB.

8. FUTURE PLANS

Performance calibrations of the EHF antenna system using the
boresight tower facility will continue on a periodic, as well as an
on-demand, basis, Rain effects and radome surface contamination

will also be examined. An opportunity to estimate receilver




T TRV I

Figure 12, Simplified schematic and photograph of the '"near"
boresight towver used for antenna pattern and gain and "direct"
EIRP and G/T measurement,
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performance using the sun as a “"known" noise source is also on the
agenda, The reason for this multiplicity of characterizations, of
course, 18 to know the performance parameters cof the antenna system
for all plausible conditions, so that an accurate evaluation of
gsatelliite on-orbit performance can be made.

Prior to launch, exhaustive measurements and calibrations of
satellite performance, both uplink and downlink, will have been
made. Necessarily, all such tests are done in conditions which can
only simulate the “free-space" environment of the on~orbit situa-
tion. After launch, the "calibrated” EHF antenna system will be
used to estimate (in much the same manner as the boresight tower
had been used to estimate the EHF antenna system performance)
satellite EIRP (dowlink) and G/T (uplink). With terminal EIRP and
G/T known from the procedures in Tables 3 and 4, satellite G/T and
EIRP can be determined in the manner suggested in Table 5.

The term, Atm(A/hnR)z, represents the path loss in which Atm
expresses the additional loss due to atmospheric attenuation. Over
the short distance between the boresight tower and antenna system,
the atmospheric attenuation was quite negligible and did not appear
in the previous expressions. A detailed account of the factors
contributing to the error associated with performance estimates is
also given in Table 5.

With the satellite launch scheduled for the not-too-distant
future, the opportunity to close the loop beiween satellite and
earth terminal performance will present iteelf and will complete

the system calibration,

~55<«




*UIB9H PUUDIUY PIANSEI AT23eiedag pue
1amod pailltusuelr] jJo 1onpoig SBuysn ,LA[IV02IATPUT,, I19mol 3IySrsaiog 3ursj
wAT30311(Q,, ‘paansedy welsAg vuUUIIUY JHY WOl JYIH wnwixey €[ 2ardig

(ZHD) AJN3ND3Ia3
S°Gb St S°bb 144 S'Eb

-56-

103414

8S

(MEP) daI3

1O3MIANI @3




*ure8 euudljuR paINSEIUW
A1923e1edes pue 201NOs8 3sTOU [EUISJUT guysn ,£73109aFpuTr,, 13M0] 3y3rsaaog
8uysn ,A7130311q,, {paanseajn wa3sAg euUuajuUy JFHA 103 I/9 NuITumog °y 2an31jg

(ZHD) ADN3IND3¥A
[ °8c N.Smmﬁ

7))

N

- - l

i 102 &

1O3¥1d o

\

S ey L ein. Sh alad- e e M

1O3JIANI

-57~




References

1. Zolnay, S. L., 5-W, Solid-State EHF Transmitter, Microwave
Journal, 28, No. 7 (1985) pp. 103-126.

2. Watkins, E. T., T. Q. Ho, and B. M. Post, "FET LNAs designed
for advanced EHF gystems, Microwave System News, 15, No. 13,
PP 70-80.

3. Rispin, L. W., and A. J., Simmons, Cclibration of an EHF
Satellite Communication Terminal, Natioral Radio Science
Meeting, Boulder, CO (1986).

Acknowledgments

The EHF antenna system described herein was the collective
result of the efforts of a great many people. A regrettably abbre-
viated list would include: W. Rotman - reflector specification and
feed design, R. J. Burns and R, C. Aucoin - antenna measurements,
and D, S, Besse - test and measurement software development. The
overall Lincoln EHF Terminal antenna system effort was supervised
by W. C. Cummings and A. J. Simmons. Their comments and =sugges-

tions in the preparation of this paper are greatfully acknowledged.

-58-




F

. G

TABLE 1
EHF ANTENNA SYSTEM PERFORMANCE BUDGETS

UPLINK DOWNLINK
Transaitter 7 dBW Antenna Gain >50 dBi 290°K
Attenuator -2 to -42 4B Tracking Feed Loss 3 dB -
Waveguide Loss 2 dB LNA >30 dB 260°K
Antenna Gain >57 dBi Mixer, IF Amp - -
EIRP >60 to 20 dBW  G/T >19 dBi/°K

TABLE 2

FACTORS CONTRIBUTING TO LFFECTIVE ANTENNA GAIN

UPLINK DOWNLINK

Radome Loss 0.8 (1.0) 0.5 (0.6)
8 ft. Reflector Gain (wD/A)2 61.1 54.5
Surface (reflector) Loss 0.2 0.l
Blockage (subreflector and struts) 0.3 0.3
Spill-over plus taper 1.4 1.9

FSS Loss 0.8 0.2

Axial Ratio 0.2 (1.0) 0.2 (0.3)
Tracking Feed and Comparator - 2.0
Waveguide Loss Inc. Polarizers 0.4 0.4
Predicted Effective Gain 57.0 (57.1) 49.4 (48.6)

Note: Values in parenthesis are based upon subsequent

measurements,
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TABLE - 3

 CALCULNrIONS AND ERROR ESTIMATE FOR EIRP

INDIRECT ESTIMATE

OF UPLINK EIRP UNCERTAINTY (dB) ACCURACY (dB)
Effective Antenna Gain, G £0,3 $0.4
TraﬁsmitvPower, P 0.5 0.5

"EIRP =BG ' *0.6 (RSS) 20,6 (RSS)

' DIRECT MEASUREMENT . o
OF UPLINK EIRP UNCERTAINTY (dB)

ACCURACY (dB)

Received Power, Pp A 0.5 0,5
Correction factor, n, - *0.
from Fig. 10
Receive Antenna Gain, Gg 0.3 *0
" Path Effects, (A /4nR)? & - *0.
Clutter
PR '
EIRP = 3 *0.6 (RSS) +0.7 (RSS)
R ‘4mR
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TABLE 4
CALCULATION AND ERROR ESTIMATE FOR G/T

INDLRECT ESTIMATE

OF DOWNLINK G/T UNCERTAINTY (dB) ACCURACY (dB)
Effective Gain, G 0.3 0.4
Noise Source Temp, Tyg +0.2 0.2
Receiver Noise Temp, Tpgc 0.2 0.2
{Noise Source/Anteana Noise] Ratio, - +0.2
[Nys/Nantl
-G .
G/T +0.4 (RSS) +0.5 (RSS)
(Tys * Tric)/ Nyg/Nyyy]

DIRECT MEASUREMENT

OF DOWNLINK G/T UNCERTAINTY (dB) ACCURACY (dB) .
K = 198.6 dBm/Hz°K - -

B = Noise bandwidth of Receiver - -
Signal-to-Noise Ratio (S/N) - 0.2
Transmit Power, Py 0.5 0.5
Transmit Anteunna Gain, Gy +0.3 +0.3

Path Effects, (\/4mR)? - £0.3

& Clutter

KB
or = = (22 (%) £0.6 (RSS) £0.7 (RSS)
TT “4rR
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' . TABLE 5
CALCULATIONS AND ERROR ESTIMATE FOR SATELLITE PERFURMANCE

UPLINK G/T UNCERTAINTY (dB) ACCURACY (dB)
K = 198.6 dna/(az°x) | - -
‘. 1. . 'Bggy = Noisme Bandwidth of a - - i
i , : Satellite Receiver :
'Antenna System Uplink (l?:IRP),:mln 20.6 | 0.7 '%; .
‘Path Effects Atm (A/4wR)2 : $0.3 - 31
_ Signal-tc-Noise Ratio (S/N)gae = - | £0.2 47
om0l ® . A
KB .
G/T = - sat $ £0.7 (RSS) 0.7 (RSS)
(EIRP) Atm( )2 N/sat -
term 4nR
DOWNLINK UNCERTAINTY (dB) ACCURACY (dB)

K = -198.6 dBm/(Hz°K) - -

Brerm ™ Noise 3andwidth of - -
Terminal Receiver

Anteana System Downlink (G/T)yerm $0.6 $0.7
Path Effects Atm (A/47R)? £0.3 -
h)
Signal-to-Noise Ratio (S/N)ierp - 0.2
KB ]
EIRP = fern () £0.7 £0.7 (RSS)
’ A _y2 N/term * e

(6/T) . Atm(a
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E EHF/SHF SATCOM ANTENHA AND RADUME TEST RESULTS

'ABSTRACT

The current airborne EHF SATCOMVV.?;xsi.tem has,a',l_RF power output
of 160 watts and an antenna beamwidth o'f” less than 1 degree. As
the RF beam from the antenna passes through the .dielectric' radome
it will be refracted at each surface. | The resulting change in
direction of the beam depends on the frequency, the dielectric
constant of the radome, and the shape of the radome surfaces.
Tests have been performed to evaluate the beam deflection at 20 and
44 )Giga-l!ertz. Other systems effects which were evaluated included
antenna beam distortion, RF heating, and  Radio Frequency
Interference between two antennas (SHF and EHF) under a single
radome. '44/7
INTRODUCTION

Command post aircraft currently use satellite communications
(SATCOM) to achieve worldwide connectivity. Early SATCOM systems
‘employed the Ultra High Frequency (UHF) band, with simple
aerodynamic blade or overhead-lcoking antennas (Armstreng, 1978).
As the conmunications systems became mure sophisticated, the use of
the microwave frequency bands became practical. Antennas now used

for SATCOM include Super High Frequency (SHF) and Extremely High
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frequency (EHF) dishes, (Schultz, 1983). These antennas must be
piaced unQer radomes to maintain the aerodynamics of the airborne
command posi. The Avionics Laboratory has investigated the effects

of narrow-beam systems since it undertook the development of ite

first microwave SATCOM system in 1969. We are currently flight

testing our fifth generatior microwave SATCOM system, (Joyner,‘
1981).

Some of the 6perationa1 conmand postl aircraft are already
equipped with SHF SATCOM systems to allow operafion with the 7-8

GigaMertz (Ghz) Defense Satellite Communications System (DSCS II &

DSCS III). With the advent of the MILSTAR system, which operates

at 20 and 44 GHz, these command post aircraft will require a radome
capable of handling 7,8, 20, and 44 GHz: 1i.e. a tri-band radome.

A Vtri-band radome has been developed for the Avionics
Laburatory's SATCGM system aboard the (-135 testbed aircraft which
is maintained and operated by the 4950th Test Niné, (Joyner, 1985),
Evaluation of the parameters and effects of the C-135 radome is
necessary to validate models wused to predict the radome
characteristics and reduce the risk associated with future tri-band
radome developments.

AN/ASC-30 SATCOM SYSTEM TESTS

The AN/ASC-30 EHF SATCOM system has a Radio Frequency (RF)
puwer output of 100 watts and an antenna beamwidth of less than 1}

degree. As the RF beam from the antenna passes through the
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dielectric radome it is refracted at each surface. The resulting
change in direction of the beam, called beam squint, depends on the
frequency, the dielectric constant of the radome, and the shape of
the radome surfaces. Tests have been performed to evaluate the
beam squint at 20 and 44 GHz.

Other systems effects which were evaluated included radome
attenuation, antenna beam shape, RF heating, Radio Frequency
Interference (RFI) between two antennas under a single radome, and
radome deflection in flight.

RF Beam Squint

Measurements of the RF beam squint were accomplished by
comparing the optimum antenna pointing angles with the radome in
place and removed. One practical problem in measuring the beam
squint of the AN/ASC-30 tri-band radome was the lack of a 20/44 GHz
satellite on-orbit to use as a signal source. In place of the
satellite, a simulator was used, consisting of a 20 GHz transmitter
and a 44 GHz receiver on the tower of building 620 at WPAFB, OH,
Figure 1. The AN/ASC-30 with its 44 GHz transmitter and 20 GHz
receiver was installed in aircraft C-135/372, which was located on
the ground at Patterson Field.

For the beam squint test the 20 GHz tower transmitter and 44
GHz aircraft transmitter were turned on and their antennas pointed
toward the respective receivers. The aircraft antenna was moved in

0.1° azimuth steps for +2.5°, and 0.1° elevation steps fur +1.0° of
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the calculated pointing angle from the aircraft to the tower. In
the tower and aircrafi, the azimuth antenna beam patterns were
received, recorded, and correlated with the transmitter pointing
angles. The radome was then removed and the azimuth/elevation
steps repeated. Any difference in the pointing angle for the peak
uf the beam was attributed to radome-induced beam squint. Due to
the conplex curvature of the radome, various portions were measured
from the nose, to broadside, to the tail, Figure 2.

Radome Attenuation

It was possible to measure the absolute attenuation of the
radome at 20 and 44 GHz by comparing the received power with and
without the radome in the line-of-sight path, using the same test
configuration as for beam squint.

Antenna Beam Shape

The pattern of AN/ASC-30 EHF antenna is also of interest. The
beam squint measurements provided the information necessary to
characterize the affect of the radome and ribs on the
three-dimensional beam shape.

Radome RF Heating

When an SHF transmitted beam passes through the radome, local
RF heating will occur. ¥or the RF heatiny tests a special test
fixture was constructed to simulate a section of the C-135 aircraft
fuselage. The AN/ASC-18 airborne SATCOM antenna was mounted on the

fixture and the tri-band radume installed over the antenna,
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Figure 3. The AN/ASC-18 terminal, which was installed in the
nearby Rooftop Facility, has a power output of 10 kW in the SHF
band. rTo cqnduct the test, the SHF transmitter was turned on and
Opefated until the radbﬁe‘s' inside temperature stabilizes. The
extent of the heating was measured by attaching a series of heat
_tabs (which blacken at a specific temperature) around'akls inch
dﬁamefer circle inside the radome in the area where the antenna
béam intercepted the radome. The test procedures require the SHF .
transmit power to bé'raised from a 2 kW level to a haximum of 10 kW
in four steps. At a 10 kW ﬁranshit power 1eve1, the uniform energy

2.~ In the'nea?_

density from the antenna would be 12.4 watté/inch
field, the energy distribution 1is not unifofm and it’ was
anticipated that "hot spots" could occur with enérgy densities of
20 watts/inchz. Tests with flat panels of the radome ma%efia1
indicated that at 8 GHz the loss in the radome is approximately 2dB .
(60% transmission). In a hot spot it was expectéd that 8
watts/inch2 could be dissipated in the radome skin. The maximum
temperature was determined for each power level by reading tne

highest temperature heat tab which had fired (blackened).
RFI/EMI Between Two Antennas Under One Radome

For some airborne command post applications, two dish antennas
will be mounted under the same radome. One antenna system operates
at 7 and 8 GHz while the cther operates at 20 and 44 GHz., For the
RFI/EMI test, the 20 GHz noise out of the 8 GHz transmitter tiat
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éoup1es into the 20 GHz antenna/receiver and the 7 GHz nvise fruu
the 44 GHz transmitter that couples into the 7 GHz antenna/receiver
were uweasured., Both antennas were mounted on the test fixture,

under the tri-band radome. Receiver measurements were made as each

~transmitter was turned on. The antennas were positioned at various
‘geometricy; both pointed toward the same equal-angle reflection
paint, both antennas normal to Lhe radome wall, and the antennas

- pointed almost directly toward each other.

Ragome Deflection In Flight
.-The AN/ASC-30 syster émploys a 26" parabolic antenna that is
mounted on top of a C-125 test aircraft., An aerodynamic radcme

covers the antenna to reduce the drag, Figure 4. Since the radome

‘has to pass three freQuency bands (7-8 GHz, 20-21 GHz, and 43-45

GHz), e special wall thickness design was required. The resulting
thin-wall vadome deSign did not have sufficient stiffness to meet
deflection 1imits during maximum :crodynamic loading. To improve
the stiffress, three ribs were added to the radome, Figure 5. The
final design was run on a NASTRAN computer model (WANG, 1984) to
calculate the radome wall deflection during an 8° aircraft
sideslip, the maneuver specifivd as providing the maximum dynamic
loading to the sides of the radome.

The tri-band radome was constructed by Hitco Inc. under a
subcontract with Beli Aerospace Corp. and the Raytheon Company.

The radume was then installed on the C-135/372 test aircraft and a
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~ test flown to measure the actual deflection (Hocutt, 1685).

The tri-band radome was modelled by Bell Aerospace Corp. using

¢ NASTRAN tinite element computer model. The radome surface was

e

divideo intc 320 scparate panels and pressure levels calculated for
the specific maneuver were applied tc each panel. After several
iterations of differant skin thickness and rib placement, a final
design was achieved with a skin thickness of 0.145 inches and rib
p]acenent_shown in Figure 6. The maximum deflection lucation and
value were predicted to be 0.251 inches at node 1056 with the 8°
sideslip maneuver, Figure 7.

To méasure radome deflection, a fixture was constructed by the
4950th TW to fit over the AN/ASC-30 antenna, Figure 8. Two linear
deflection transducers were mounted at the edges of the fixture and
the deflection arm attached to buttons cementec to the insides of
the radome. The buttons were positionec within a few inches of the
predicted maximum deflection point. The linear deflection
transducers were connected to a DC power source and to the
instrumentation system. The transducers had &« travel of 1.5
inches from their static pesition. The transducer position was
calibroted over the entire travel range and recorded on a magnetic
recorder and a chart recorder to an accuracy of 0,001 inches.

TEST RESULTS

Recome Beam Squint Measurcments

A comparison of the antenna azimuth angle with the AN/ASC-30

tri-band radome both in place and removed provided a nicasuremert of
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the beam squint. A summary 0¥ the beam squint for various portions
of the radome (azimuth angles) is shown in Figure 9. One azinuth
sweep showing the worst beam squint is presented in Figure 10. The
beam squint appears to be approximately 0.4° over the nose and tail
and con the order of 0.1 broadside.

Radome Attenuation Measurements

In an effort to evaluate the effect of radome thickness and
incidence angles on the radome attenuation, a 36-inch square flat
panel was constructed of the same material and thickness as the
tri-band radome. Attenuation tests were conducted on the flat
panel. The results of the 20 GHz and 44 GHz measurements are shown
in Figure 11.

Measurements of the actual radome attenuation were made by
comparing the received signal level wiih the AN/ASC-30 tri-band
radork in place and removed. A plot of the attenuation for various
porticns of the vedome 1is shown in Figure 12, The radome
attenuation measuvements are in close agreement wilh the flat panel
measurements.

Antenna Pattern

The 44 GHz pattern of the tri-band antenna was measured with
the radore in place and removed. The mainbeam portion of the
pattern is shown as a 3 dimensional plot, Figure 13. This data
shows the effects of the radome and ribs particularly on the

sidelobe distribution.
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Radome Heating
The AN/ASC-18 SHF transmitter was first operated at 2 kW RF

power at 8 CHz, The ambient temperature was approximately 40°F
outside the radome and 50°F inside the radome. After 20 minutes of
operation, the radome temperature stabilized at less than 100°F at
the tob.and left side of the test circle, 105°F at the right side,
and 115°F at the bottom. Following each power leve' setting, the
maximum temperatures were recorded, Table 1.

TABLE 1 Temperature Distribution On Tri-Band Radone

Xmit Power Measurement  0° 90° 180° 270°  Tine

2K Temp Tabs 100°F 105°F 115°F 100°F 20 Min
Thermocouple

5 KW Temp Tabs 100° 115°¢ 130° 100° 15 Min
Thermocouple  100° 100° 128° 100°

8 kW Temp Tabs 130° 130° 130° 130° 32 Min
Thermocouple  135° 170° 180° 135°

10 KW Temp Tabs 130° 130° - 200° 130° 16 Min
Thermocouple  176° 180° 188° 176°¢

With tnhe transmitter operating at 5 kW of power for 15
minutes, the maximum temperature recorded was 130°F. After
transmitting 8 kW for 32 minutes, the temperature tabts on the
bottum of the circle showed 130° but a thermoccuple measured 180°F.
The maxinum power transmitted was 10 kW for 16 minutes, after which
the temperature tabs showed 200°F at the bottom of the circle.

Subsequent discoloring of the racome material indicated that the
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internal plys of the radome resached a temperature of approximately
500° F during the 10 kW run.

From the measurements, it appears that the current tri-band
radome design could withstand between 2 and 5 kW of transmit power
at 8 GHz without experiencing an excessive temperature rise. Power
levels above 5 kW are likely to cause an excessive temperature
build up in the laminated plys which could damage the radome, If
the radome loss were reduced, the transmit power could be increased
proportionally.

RFI/EMI Test

With the AN/ASC-18 transmitting at 8.0 GHz, the AN/ASC-30
system encountered no interference at 20.8 GHz except when the
transmit antenna was pointed at 225° azimuth where the mainbeam
just grazed the AN/ASC-30 antenna. In that configuration, the
worst. case interferance was with the AN/ASC-30 pointing at 180°
azimuth and 80° elevation. Approximately a 1 dB rise was noticed
in the noise floor of the AN/ASC-30 receiver when the AN/ASC18 was
transmitting 10 kW. It was postulated that the interference was
caused by energy coupling directly into the RF mixer and
downconverter that is mounted on the back of the dish, rather than
through the antenna feed. The RF mixer and downconverter were
removed, reinstalled, and all connectors properly tightaned. A
retest showed only 0.1 dB rise in the noise floor. To determine

the effect of the interference on link performance, data was
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transmitted to the AN/ASC-30 system with the interference source on
sad off. The Bit Error Rate (BER) parformance of the system
appeared to be uneffected by the interfercnce, Figure 14,

When the AN/ASC-30 transmitted 100 watts at 44 GHz, no
interference was experienced in the AN/ASC-18's 7 GHz receive
system, regardless of the orientation of the two antennas.

Radome Deflection Flight Test

During the aircraft's take-off roll, at a speed of
approximately 90 knots, both sides of the radome started to deflect
outward, Figures 15. As the aircraft reached take-off speed,
rotated, and continued to accelerate, both sides of the radcme
deflected outward approximately 0.09 inches. The uiircraft climbed
to an altitude of 10,000 feet and the outward deflection remained
constant during straight and level flight. The aircraft made a
data run at 200 Knots Indicated Air Speed (KIAS) with a 5° side
slip. There was no noticeable change in the radome deflection.
Several runs were made at 10,000 feet altitude, 200 KIAS, with an
8° side slip. The instrumentation recorded a deflection of one
minor division (approximately 0.04 inches) inward on bcth sides of
the radowe during those runs, Figure 16.

During the aircraft's approach and landing the radome
deflection decreased on both sides as the airspeed decreased,
Figure 17. Shortly after touch-down the instrumentation showed thre

radome had returned to its static width.

~73-




‘,lnrt §pbeag§\ﬁhg"éérodynamic pressure on the front and top of
the radome causes both sides to bow outward approximately 0.10
“inches " at .théi aniénné'wstation‘ The effect of the side-slip
nan¢u§gr'abpears to ré@uce the front and top”pressures. allowing
both sides of the radome to .move inward 0.04 inches. The effect of
'-'ihéidynamié'bfes§ure on the sides of the radome appears to be so
small that it is m&sked by the change in front and top pressures.

7' MASTRAN model which predicted an inward deflection of 0.25
inches during the side slip appears to be quite conservative. The
model was used previously to predict the deflection on a dual-band
radome (Severyn, 1978). A similar tlight test of the dual-band
radome produced deflections which agreed quite closely with the
model (Cummins, 1978). The difference between the tri-band radome
prediction and the test results may be due to inaccurate pressure
distributions in the model or to the difficulty of correctly
modeling the stiffness of the ribs.
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Abstract
MM1C modules of the future offer the possibility for
sinplifying the feed networks of active aperture phased arrays.
In particular, the addition of amplitude control along with the
existing phase control would ¢llow the same feed network to be
used in the transmit and receive modes even though the two require
grossly different aperture tapers. This is easily accoumplished
by using the amplitude control in the modules to provide the
weighting required to produce low sidelobe receive beams.

Specific examples in which amplitude control is impleumented
with digital attenuaturs are exazined. The effect of the attenu-
ators on the array output signal-to-noise vatio and that of the
awplitude quantization on error sidelobe level are evaluated. {-'
The results indicate that the component values needed...total \
attenuation 20-30 dB, low noise amplifier gains and noise figures
20-30 dB and 3-4 dB respectively, and quantization of 2-6 bits...
are readily achievsble in current GaAs technology. With these,
active aperture monopulse arrays with sidelobe levels of =20 to
-50 dB below the peak of the wmainbeaz may be designed with greatly

simplified feed networks.

1. INTRODUCTION

Monolithic Microwave Integrated Circuit (MMIC) transmit/
receive modules make possible new rhesed array antenna architec-

tures. This paper examines the possible simplification of the
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feed networks of a monopulse radar array when the flexibility of
an MMIC module is fully utilized. In particular, using the
module’s internal amplitude control will allow a single beamformer
to be shared between the transmit and receive modes even thsugh
the amplitvde taper for each mode is dramatically different.

' The circuit arrangement of a typical MMIC module is shown in
Figgre 1. It is wmade up of a power amplifier PA, a low noise
anplifier LNA, a phaser P, a variable attenuator A, a controller,
and a system that selects between the transmit and receive mode.
In the transmit mode, the T/R switches provide a connection from
the input of the module through the phaser, the PA, and the cir-
culator to the antenna. On receive, the signal path is through
the LNA and the PA is turned off to conserve power. In both
modes, the phaser is set to the appropriate phase, selected by
the controller in response to a command, to produce a beam in the
desired direction,

A coluamn of an antenna system of a low sidelobe monopulse
radar array antenna is shown in Figure 2a. The system uses a
module at each element and three feed networks to produce a
transmit, a low sidelobe sum, and a low sidelobe difference
beam. The column outputs are further combined in appropriately
weighted azimuth beamformers. Notice that the common input/output
port on the module must be duplexed with an external switch or

circulator to connect it to the appropriate beamformer on transmit
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and receive. Also, a power divider is needed in each channel to

split the received signal betwecen the two beamformers., The upper
and lower halves of the array are added or subtracted to produce

the three beams in the vertical plane,

When each module has amplitude control, the arrangement shown
in Figure 2a can be simplified. Instead of using the amplitude
control only for channel matching and scan correction for conforu-
al arrays, it can also be used to generate the illumination func-
tion for one of the receive beams. In this way, one beamformer
can be shared between the transmit and ceceive modes thereby
elinivating one of the receive beam feed networks.

Figure 2b shows an antenna system in which the module and
antenna have been more closely integrated. Here only two beam~
formers are neaded instead of three. One of these is uniformly
tapered and the other is specially modified to produce 3 low
sidelobe difference pattern from the signals that have been
corrected tc produce a low sidelobe sum beam. The former is used
for both transmit and receive. In the transmit mode, it operates
exactly as before and delivers a cophased, equal amplitude signal
to each module's common input/output terminal. On receive, how=~
ever, the module amplitude control is activated and adjusts the
amplitude of each module's received signal before feeding into the
beamformer to produce a low sidelobe Taylor or similarly weighted

sum beam at the network's output. Since the signals for the
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difference beam are derived from these tapered sum signals, the
difference bean feed network must be specially weighted to accomo-
date these input signals to produce ultimately the required
difference weighting function at the A 2hannel output.

It now remains to investigate the practicability, limitations,
and impact on module design of incorporating the idea of a shared

beanformer into an antenna system,

2. SYSTEM CONSIDERATIONS
2.1 Aperture Weighting

The element signals, after passing through the LNA are
appropriately attenuated and appear at the module output with a
low sidelobe taper distribution. When these outputs are combined
in the uniform beamformer network, the beamformer output will be
the low sidelobe I pattern. However, the difference channel
signals must also be derived from these weighted module:output
signals. The beamformer weighting necessary to recover a low

sidelobe difference pattern Is chosen according to the rule
kq = kAq/kzq (1)

where ky ani k, are the required sum pattern and difference
pattern weights respectively,

An example of the relative weightings for n = 4, SLL = -30 dB
Taylor L and 4 patterns for a 64 element lin.ar array are shown

in Figure 3, Equation (1) was used to calculate the modified
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veighting represented by the dashed curve that is needed to
convert the Taylor distribution into the similarly characterized
Bayliss distribution.
2.2 Rauge 0f Attenuation

The range of adjustment of the attenuator that is
necessary depends on the SLL of the design. In general, the lower
the sidelobe level, the greater the range of amplitudes reguired
scross the array to produce the taper. The curves in Figure &
show the range in atternuation required to achieve various
sidelobe levels for several n values for Taylor weighting"a. For
example, an n = 6, SLL = -40 dB design requires a maximum caper
attenuation of about 19.4 dB relative to the center element. Thus,
if the taper is implemented by attenuators, then the attenuator
must have a range of 20 dB. It is apparent that the maximum
taper weight is not a sensitive function of n and the maximum

attenuation A of the attenuator, may be conveniently approximated

by
A % (11/15)(SLL + 20) - 5 db (2)

represented by the dashed line in the figure. Thus the attenuator
value for a Taylor weighted aperture depends onlv on the sidelobe
level of the design. Equation (2) is represented by the dashed

line in the figure.
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2.3 Amsplitude Quantization Error
The value of attenuation produced by each module will
be quantized. The error sidelobes due to quantization of the
elenent amplitudes aust be less than the sidelobe level SLL of
the design. The rms error sidelobe level due to phase and zmpli-

tude errors can be found from the expression
SLlrps ™ (92p + 92,)/(1 - o2p)Mn, (3)

where 02p and 0%, are the variances of the total phase and
amplitude errors from all sources respectively, M the number of
elements, and n, the aperture tgper efficiency’. It should

be noted that M and n, in Eq. (3) apply to the entire aperture.
For example, a rectangular aperture of Q rcws and ? coluans would
make M = QP and MN¢ = nNgq Nepe The total variances 0%p and 02,
are ejual to the sums of the variances from all conttibgting
sources of the phase and amplitude errors respectively. The
variance due tc a phase shifter quantization of B bits is

02Pl = u2/(3XZ25). For an attenuator of B' bits and total

attenuation A (in dB)
02, = 10A10/(12x22B"), (4)

Other sources of phase and amplitude errors include mismatch,

power division and element position errors.
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The taper efficlency fo*: a linear array of Q elements is

evaluated with the expression

Q Q Q
N = L L aqap/ QL aq2 (5)
q=1 p=l q=1

where the aq are the element weights. The results for a linear
Taylor weightad array are plotted in Figure 5 for several values
oif n. It is apparent that ng is not a sensitive function of )
but depends cuiefly on SLL. For convenience and later use, n

for a linear Taylor tapered array 1s approximated by
ne = 0.96 exp[(SLL + 20)/92.2]. (6)

Equation (6) can now be used with Eq. (4) to evaluate the
error sidelobe level of Taylor weighted linear arrays for various
amplitude quantization levels using Eq. (3). The calculations
assume that the only error is that due tc the amplitude quantiza-
tion. The value of A was obtained from Eq. (2). The results gre
plotted in Figure 6 as a function of SLL. Inspection of the
figure shows that for a 64 element array with SLL = ~40 4B, a
five bit quantization of the 20 dB attenuator i{s needed to achieve
an rms error sidelobe level SLL,,c = -38 dB. To this would be
added the effects of the other sources of error to arrive at the

ultimate, erv.r sidelobe level from all sources.
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For a similarly characterized 64 x 64 array, M = QP = 4096,
From Eq. (6), Ny = Ngq nep = 0.60, and from Eq. (2) A = -20 dB.
Here we assume the column outputs are in a conventional Taylor
weighted beamformer. Using these values in Eqs. (4) and (3)
gives B' ~ 3,

The effect of the attenuator quantization on the antenna
patterns is shown in Figure 7. The right half of Figure 7 shows
the error free pattern for a n o= 4, SLL = -30C dB, 64 element
linear array. 7The left half of the figure shows the degradation
in the pattern when the taper setting attenuator is quantized to
four bits. The patterns are symmetrical about the mainbeam
because the aperture taper and the quantization errors as well
are symmetrically distributed.

The quantization errors also effect the difference pattern.
The modified Bayliss weighting computed from Eq. (1) is errcr
free. However, the Taylor weighted output signals from the
modules are correct only to within the attenuator quantization
LSB. Therefore the actual signals presented to the difference
channel beamformer are errored. The difference patterns that
result from Tavlor weighted element signals applied to a modified
beamformer are shown in Figure 8. The right and left halves of
Figure 8 show the error free and four bit level patterns respect-
ively. The patterns are symmet.ical because of the taper and

errors are syvmmetrical about the center of the aperture. Because
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of this, the depth of the notch is not affected by the
quantization,

It should also be noted that the gains of the patterns are
somewhat lovwer than expected. However, Figure 3 shows that the
peaks of the Taylor and Bayliss distributions occur at different
aperture locations. Because <f this, the Taylor weights must be
reduced by a factor of about 0.72 during the application of the
modified Bayliss weights that results in an additional loss in
gain of about 3 dB in the difference pattern. This additional
loss could be eliminated by providing a separate attenuator for
the A charnel. 1In this case, the power division for the two sum
channels would occur ahead of the attenuators so that the output
weighting could be independently controlled.

2.4 Signal to Noise Ratio

A scetch of a generalized active array is shown in
Figure 9. Each channel contains a low noise amplifier LNA, a
digital phase shifter P, and a digital attenuator A. All other
circuit channel losses including the insertion losses of the
phase shifter, the attenuator, and the beamformer are lumped into
L. The signal power at the output of the array may be found by
firet summing the complex voltage contributions vq from each

element to obtain the output V as
Q

V= 2.1 VqEqukqlq exP[qu] (7)
q=




where 8q is the voltage gain of the LNA, aq the voltage attenua-
tion of the attenuator, kq the beamformer relative voltage
coupling coefficient (kq maximum = 1), 1q the fixea voltage
attenuation of the channel, and Gq the total phase shift
(including that of the phaser) of the channel. The output power

S may be found from

* Q Q * * * * *
S =V = y : (6 -
S LAY qil P:l vq\pgq?paqapquplqlp expli( q ep)] (8)

Similar expressions can be written for the noise contribu-
tions®. However, since the internally generated noise is
independent from channel to channel, the power for terms for
q # p is zero. Thus, the noise power N may be expressed directly
in terms of the channel noise power input Ng as

Q

N = qil NgGqAqlqlFq + (1 = AgLg)/AgLqGqlKg (9)
where £q = gqg; and Fq are the power gain and noise figure of
amplifier q respectively. The noise figure of the attenuation of
the channel is set equal to the reciprocal of its attenuation®.
Kq = qu; is the power coupling coefficient of the beamformer.

Equations (8) and (9) can now be used to find the output S/N

ration of an antenna system in terms of the input Sj/N; ration

for a wide variety of array configurations. For a lossless array
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in the mainbeam direction without amplifiers or attenuators and a

uniform beamformer, vq = v, v; = v, aq =1, lq =1, 8q =1,
*
kq =], and vw = §; so that,
S/N = (S{/N{)Q. (10)

Allowing for equal circuit losses lqlp =L <1 in each channel

results in the expression
S/N = (S{/N;{)LQ. (11)

The effect of circuit losses is apparent. To reduce the impact
of losses on the S/N ratio, a low noise amplifier may be inserted

into the system at each element. Then Eqs. (8) and (9) give
S/N = (8§/N;)Q/[F + (1 - L)/16]. (12)

For a wide range of values, S/N depends principally on the noise
figure of the amplifier and thus attenuation in the array compon-

ents is not as important. In fact for LG >> 1,
S/N = (S{/K{IQ/F, (13)

For low sidelobe¢ tapered arrays, the improvement in S;/Nj
is not as great as for uniform arrays becsise the taper
efficiency of the array reduces the signal power S. Also, the
edze elements, for which attenuation is large compared to the

gain of the amplifier, introduce proportionally more noise when
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the taper is set by attenuators and the beamformer coupling is
uniform.

This can best be seen by inserting Eq. (5), the aperture
taper efficiency n into Eq. (8). Then, an array with a uniform
beanformer (Kq = 1), the same amplifier in each channel (Gq G
and Fq = F), the same total losses in each channel (Lq = L), and
the aperture weighting determined by attenuators Aq would display

a signal to noise of

Q Q
S/N = {(Si/Ny)Qne/F} ) Ag/ L Agll + (1 ~ AGL)/AGLGF].  (14)
q=1 q=l

When AgLG >> 1, S/N becomes
S/N = (S§/Nj)Qne/F. (15)

Thus Eqs. (14) and (15) for tapered arrays correspond respectively
to Eqs. (12) and (13) for uniform arrays.

1t is convenient to write Eq. (14) as

where the aperture noise suppression efficiency ng is defined as

e~ O
ne~ O

Ng =
q

Aq /

| . Aq[1 + (1 - AqL)/AqLGF]. (17)

1
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ng represents the additional reduction in S/N caused by the noise
contributed by the array components. ng = 1 for a lossless uniform
array without amplifiers or attenuators (Aq = ], G=1, F=1,
L =1) and ng = L for the same but lossy array (Aq =1, G=1,
F = 1). The aperture noise suppression efficiency is plotted in
Figure 10 for a range of typical values for tapered active arrays.
As expected, ng decreases with SLL (for a fixed value of G) because
increasingly larger attenuation is needed to produce the taper.
It is apparent however, that so long as G is sufficiently large
compared to A and L the decrease in S/N can be kept small.,
2.5 Azimuth Feed Networks

Figure 2a shows the vertical feed network connections.
These outputs must now be combined in the azimuth beamformers as
shown in Figure lla. The column index number is P. The weighted
suns of the Zp outputs for p < O and p > O are also subtracted
to produce the low sidelobe azimuth difference beam I6. The by
outputs are similarly divided and combiiied to produce the eleva-
tion difference beam 40. The transmit beam To combining network
is uniforrly weighted and interconnects all the transmit vertical
beanformers. Thus the input to this network is ultimately equally
divided among every element in the array. The elevation differ-
ence-azimuth difference 46 beamformer at the bottom of Figure lia
is used for adaptive nulling arrays and not normally provided as

an output,
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It is apparent that a fully implemented low sidelobe array
requires thr.z elevation beamformers and a mode transfer switch
at each of P columns and five azimuth beamformers. Together,
these produce a total of five beams. The setup in Figure lla
cen be used with the array systems in either Figure 2a or 2b since
each has three separate outputs. However, the shared beamformer
arrangement can also be applied to the azimuth To and Io channels
thereby eliminating an azimuth beamformer and P mode transfer
switches at the cutputs of the vertical beamformers.

This simplified arrangement is sketched in Figure llb. The
uniformly weighted shared beamformer is used for both the transmit
beam and, together with amplitude adjustment in the modules, the
Lo receive beam. With this arrangement, the attenuators in the
modules are adjusted to Iorm the elevation distribution. Simul-
taneously, the azimuth weighting is applied by increasing the
attenuation in all modules of a column as a function column
position. As before, the weighting for the azimuth difference
beanformer must be modified because its inputs will have a Taylor

or sipilar weighting.

3. EXAMPLE
As an example, a 64 x 64 array is implemented with the shared
beamformer idea. The total number of elements M = PQ = 4096. The

goals are S11, = -40 dB and -30 dB below the peak for the azimuth

and elevation planes respectively.
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First, the maximum taper required was obtained from Figure 4
or Eq. (2). This determines the value of A. However, in a
rectangular array the azimuth and elevation weights, if both set
by the same attenuators, must be combined so that A = - 32 dB.
The azimuth weights could be applied at the column level with P
modules. This would increase ng but complicate the antenna.

e aperture taper efficiency from Figure 5 or Eq. (6) is
Mg = Ny yp = 0.69. However, the aperture noise supression
efficiency can be similarly factored only if the azimuth weights
are applied at the column outputs. Then from Figure 10, ng =
Ngq Ngp = 0.99 and 0.98 for L = -6 dB and -9 dB respectivley in
each bezuformer. When the row and column weights are applied
with the same atienuator, Eq. (17) must be rewritten as
Q P Q P
g =L L Agp/ L L 1+ (- Agpl)/AgplGFl. (18)
q=1 p=l q=1 p=l

vith F = 3 dB and G = 30 dB, n, = 0.96 and 0.87 for L = =12 dB
:nd -18 dB respectively. Thus applying the total taper at the
elenent level results in an additional loss of about 1/2 dB in
S/N ratio. For the same value of G, lower sidelobe levels would
result in a greater loss.

To select the number of quantization bits, we assume that
the total error consists of four equal parts due to the phase

quantization, other phase errors, the amplitude quantization, and
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other amplitude errors. Furthermore, we require SLLp;s to be
10 dB below the SLL. From Eq. (3) with SLLypg, B' = 7 or

B' = 5 respectively depending on where the taper is applied.

4, DISCUSSION

A signifi: ant reduction in the complexity of the feed
network of MMIC active aperture arrays is possible when the
modules have internal amplitude control. 1In this case, one
beamfurimer can be shared between the transmit snd the receive
sum channel thereby eliminating one of the three feed networks
‘normally required. The T/R switch or circulator that transfers
the module input from the transmit to the receive manifold is
eleminated as well. It is apparent that in a large array, the
total savings in feed network components is formidable.

The calculations have shown that for a large range of
designs, the component requirements are very realistic. For
exanple, LNA gains and noise figures of 30 dB and 3 ~ 4 dB
respectivlev are adequate and easily achievable. The attenuator
requirements, 2-f bit and 20-30 db range, are also easily
implemented with GaAs MMIC technology.

The shared bearformer is applicable to arrays that do not
requile vonopulse processing as well., 1In this case the two feed
networks for each column are replaced by one. In contrast to
this, a sequential lobing (instead of monopulse) array could be

impiemented with a single beamformer’,
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There are many other aspects of MMIC antenna integration that
must be evaluated before the full potential for this new technology
can be realized. Some of these are elimination of the circulator
novw required to isolate scan induced active element impedance
variation; improved concepts for energy storage; better solutions
for heat removal; techniques for array alignment, calibration, and
monitoring; architectures for adaptive nulling; and methods recon-
figuration to compensate for failures. As never before, the
antenna designer, system analyst, user, and the component developer
must work as a team to develop the technology for MMIC active

aperture antennas of the future.
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gy INTRODUCTION

The IEEE AP-S ADCOM is attempting to expand its educational, tutorial and
information exchange activities as a further benefit to all members. To this
end, ADCOM will be forming specialized workshops on topics of interest to its
rembers.

The first such workshop on ®Characterization and Packaging of MMIC Devices for
Array Antennas™ was conceived. The workshop took place on June 13, 1586 as
part of the 1986 International Symposium sponsored by IEEE AP-S and URSI in
Philadeliphia, PA, June 9-13, 1966. The workshop was formed to foster the
interchange of ideas among MMIC device users and to provide a forum to collect
and focus information among engineers experienced and interested in the topic.

After brief presentations by the panelists and comments from attendees on
several subtopics, the group was divided into working committees. Each
committee evaluated and made recommendations on one of the subtopics.
Finally, the attendees reconvened to discuss each of the committees'
recommendations. The subtopics were:

Reproducibility and Reliability

Transitions

Bias, Control Lines and Thermal Dissipation
Packaging Concepts

Characterization

U o N —

The following sections will present the findings of the workshoo attendees.

REPRODUCIBILITY AND RELIABILITY

Recommendations:
1. Standardization

Three items are identified where the implementation of standards should lead
tc MMIC products of greater reproducibility. First the need for a procurement
document extending the methods of MIL STD 883 into the realms of microwave and
millimeter wave testing has been identified. Features such as band specific
test configurations and fixturing, along with calibration methods, are
desirable. The standard procurement document should also revisit the
screening and burn-in requirements for 1ot qualification and acceptance within
MIL-STD-883 to assure applicability to MMIC devices of increasing complexity
which possibly contain interfaces that include optical, mm wave, and giga-bit
rate digital control signals.

Second, a set of standard processing steps, common among foundries, is
recommended. The existence of common processing steps for band-specific
technologies would lead to a set of specifications which are highly
reproducible. Coupled to the first recommendation, a set of standard
processing steps, in place throughout the foundry community, would make it
possible to apply MMIC devices to high reliability applications without the
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costs incurred from repetitively 1ife testing when a specific circuit is
procured from multiple sources.

The third point, linked closely to the first two, recommends close cooperation
throughout the industry in materials and device testing. By controlling the
material entering the MMIC process, and maintaining close agreement on the
testing of devices which have completed the process, the MMIC marketpiace can
be provided with parts which may be purchased in an efficient and agreeable
manner.

2. MMIC Application

Three areas where reproducibility and reliability are important beyond the
MMIC device processing were identified in the application of these devices.
Specifically, high volume applications such as active antenna arrays, were
considered. First, the array design which applies MMIC devices should seek to
minimize the number of media between the GaAs material and free space. In
this way the tolerances associated with each discontinuity, such as
substrate-to-substrate, microstrip-to- finline-to-wave-guide, etc., would have
minimum impact on the reproducibility of the element design. Second,
automated MMIC die attach and bonding techniques should be employed. This
would serve to diminish the human introduced variabilities in the antenna
element manufacturing process. Finally, a much improved set of computer
models is required to serve the manufacturing requirements. For example, a
revision to current modeling of the spiral inductor has been proposed by
Krafcsik and Dawson in their recent (IEEE 1986 MMIC Symposium - MTT-S) paper
entitled "A Closed Form Expression For Representing The Distributed Nature of
The Spiral Inductor." The present CAD tools are inadequate for MMIC design,
let alone the type of tolerance analyses that reproducible wafer processing
demands. As the modeling improves the variabilities in 1ithographic processes
can be investigated without the cost incurred from high volume wafer
production. This is admittedly a few years away. However, the application of
circuit modeling to the manufacturing of both MMIC devices, and the circult
structures into which they are mounted, should be considered in terms of
committing to production only those designs which can be demonstrated as
inherently reproducibie.

3. MMIC Compensation

The third recommendation assumes that MMIC devices in certain applications
will always exhibit a degree of variation, unit-to-uni’, which will fall
outside system constraints. It is recommended that for cases where
reproducibility cannot be achieved at a reasonable cost there be provisions
within the design made te compensate. Compensation by electronic tuning, by
closed loop adjustment of xey parameters such as bias, or open loop
compensation possibiy using digital techniques, are candidates for the
applicatlons where an MMIC design can include provisions for external
adjustment through automated means. An exampie of this is a phased-array,
where a large number of elements vary in their absolute insertion phase. 1In
this case the design could provide for electronic phase trimming to compensate
for the non-reproducible nature of the antenna/MMIC element.
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TRANSITIONS

The tssue of transitions covers all types of connectivities between MMIC
devices and other media in the antenna assembly. Figure 1 shows an example of
an MMIC circuit embedded in the feed network of an antenna array. The
f?lloring are some of the transitions encountered in the assembly of MMIC
circuits.

1. MMIC/Waveguide Transitions

The assembly shown in Figure 1 indicates that the transition from MMIC to
waveguide 1s made through an MIC line. Several MIC/waveguide transitions
appeared in the literature in the last two decades. Three such transitions
are shown in Figures 2, 3,4 and 5. In Figure 2, a ridgeline transformer
matches the impedance of the waveguide to that of the microstrip line [1].

The dimensions of the four-step transformer are such that the last step
touches the micrestrip l1ine. The van Heuven transition (2] shown in Figure 3
orients the MIC vertically inside the waveguide and uses an anti-podal finline
transition. Both transitions of Figures 2 and 3 allow transmission in one
mode in the waveguide. Another transition which uses a finline structure is
shown in Figure 4 where the finline transformer acts as a transition from the
waveguide to a slotline [3]. A balun is then used to couple the balanced
slotline to the unbalanced microstrip 1ine. In a slightly different
configuration, shown in Figure 5, the slotliine is coupled directly to the MIC
line which s printed on the other side of the substrate and uses the common
ground plane of the slotline and finline. The finline transitions have the
advantage of supporting two orthogonal polarizations if two transitions are
m‘aned perpendicular to each other in & square or circular waveguide as shown
iti Figure 6.

2. MMIC/MIC STEP

he transition from the MMIC circuit to the MIC 1ine is done through a
‘scontinuity step as shown in Figure 7. The lines in the two media are

connected via a wire bond. The change in dielectric constant, line width, and

substrate thickness creates a discontinuity which has to be characterized.

3. HNire Bonding Steps

A; shown in Figure 7 wire bondings, or ribbons are needed to connect the MMIC
to MIC lines. HWire bonds are also used to connect two MMIC circuits as
Indicated in Figure 1. The right length and width of the wire bond or ribbon
has to be identified.

4. MIC/Stripline
In some applications striplines are used as the main transmission medium for
low loss and 1ight weight. In such cases a transition from the MIC to

stripline is required. A sketch of this transition using multiple steps is
shown in Figure 8.
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5. Packaged MMIC Assembly in MIC Circuits

1f the MMIC circuit {s available in a packaged form, f{ts connection to the MIC
circuit will form another transition. The package wmay have output leads which
are soldered to the MIC 1ines as shown in Figure 9.

6. MMIC Circuits Fed by Optical Fibers

With the advent of optical fibers as efficient means of transmission, a
transition from such fibers to the MIC and MMIC circuits {s needed. This one
is not fully covered in the literature yet and lends itself mainly to future
systems.

7. Reference

[1] M.V, Schneider et al., "Microwave and Millimeter Wave Hybrid Integrated
Circuits for Radio Systems,” BSTJ, July-August 1967, pp. 1703-1726.

[2] J. van Heuven, "A New Integrated Waveguide-Microstrip Transition," IEEE
TRANSACTIONS, Vol. MTT-24, March 1976, pp. 144-146.

[3] B. D. Geller and A. 1. Zaghlou!, "An MMIC/MIC-to-Waveguide Transition for
Single- and Dual-Polarization Systems," 1984 IEEE MTT-S International

Microwave Symposium, San Francisco, CA, May 30 - June T, 1984, pp.
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BIAS, CONTROL LINES, AND THERMAL DISSIPATION

The objective of this subcummittee was to discuss the issues pertaining to the
distribution of prime power (blas), contro! signals, and the removal of excess
heat in large arrays employing active monolithic sircuitry at the elemental
Tevel. HKhen considering how these systems may be best integrated into the
array antenna, it comes to mind that there are at least six systems which may
be competing for array volume:

a. RF Signal Distribution
0 Transmitter
o Recelver
o Local Oscillator
b. 9°F Caiibration Loop
c. Prime DC Power (Bias) Distribution
d. Elemental Module Control Signal Distribution
0 Phase Shifter
o] variable Gain
o] T/R Switching

Heat Removal

an

f. Mechanical Support

While some of these systems occur in all arrays, others are unique to active
groups.

The prime DC power distribution system must accommodate multiple voltages and
some::imes a large amount of total current. To simplify this distribution
system, the monolithic circuitry should be designed for operation off common
voltages. If these circuits can be operated in "DC series," then the prime
power can be distributed at higher voltages and therefore lower total
currents. Such a system necessitates monolithic circuit designs with
capacitively ccupled RF grounds, the ability to stand off high DC voltages,
and the fusing to a closed state in the event of fallure. An additional issue
associated with the prime power distribution system is EMI arising from
switching transients.

The complexity of the control signal distribution system is a function of the
array performance requirements, the degree of circuit control at the eiemental
level, and the extent of distributed processing. If a “controller" which
determines phase shifter and gain states is incorporated with each elemental
module, then the control signal distribution system can be greatly

simplified. The use of fiber optic. or optical "flood 1ighting" to distribute
control signals can potentially reduce the volume required for this system.
With laser diode and detector technology compatible with GaAs MMIC fabrication
technigues, we should investigate how these devices may be best combined.
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The ability to remove excess heat generated by the monolithic active circuitry
may indeed determine the density at which this circuitry may be employed in
the array. Within an elemental module, the largest thermal gradients often
occur across the GaAs substrate of the active circuitry. If the MMIC devices
can be flip-chip mounted, as is Jone for discrete devices, then heat can be
removed much more efficiently from the device channel region. Realizing a
good chip carrier to MMIC RF transition with flip-chip mounting may require
the circuitry to be designed in formats such as coplanar waveguide.

The volume demands associated with attempting to colocate the systems
enumerated above may be alleviated by multiplexing some of the systems. Doing
so can also reduce array weight, decrease cost, and even enhance reliability.
As an example, in a constrained RF feed system employing stripline, it is
feasible to multiplex the RF signal, a serial format control signal, and one
prime power voltage on the stripline center conductor. In a waveguide RF fead
system, the guide may also be used to conduct excess heat from MMIC devices.
in arrays using space-feed for RF signal distribution, control signals may be
optically distributed to the elemental modules in a "flood 1ight" fashion.

PACKAGING CONCEPTS

This section summarizes ke conclusions and recommendations of the
subcommittee on Packaging Concepts at the 1986 AP-S Workshop.

Active element packacing plays a crucial role in the performance, cost, and
reliability of array antennas. The "package" considered here may contain
individual, hermetically sealed MMIC devices or complete subsystems, such as
transmitter or receiver, or even transitions and radiators. The performance
is determined, to a large extent, by how well the MMIC circuic/package/array
composite is designed and modeled and to what extent interaction between all
three levels has been accounted for. The cost aspect may dictate the number
of elements in the array or the level of performance to which each element is
designad. Reliability enters the picture through appropriate thermal and
mechanical design, provision for built-in-test capability, and shielding.

Although MMIC design and processing technology is progessing rapidiy,

standards for such characteristics as chip thickness, size, DC bias and

control, mounting technique, or even transmission medium still do not exist.

The immaturity of the technology, therefore, makes it difficult to apply

uniform standards to packaging techniques. The Committee, nevertheless,

attempted to define the major considerations which should be taken into i
account in the design of an MMIC package or in the establishment of 1
specifications or standards for MMIC packages. |

1. Level of Integration

The MMIC lavel of integration may range from the basic functional block, such
as an amp.ifier or mixer, to the complete active element on a single GaAs
chip. A high level of integration will generally result in better performance
and higher reliability because of a reduced number of RF interfaces and bonds,
and lower cost (if chip yields can be kept reasonable). In addition, overall
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size can be minimized because of reduction in "package overhead" and shared
housekeeping functions such as bias, control, and BITE (Built-In Test
Equipment). As the level of integration rises, however, care must be taken to
assure compatibility of all the circuits which co-habit the package.

2. RF Ports

These can range from the “"conventional" microstrip to coplanar waveguide
(CPW), finline, twin-strip, or even optical waveguide. Compatibility must
obviously be guaranteed between different chips or one would need to resort to
interface media, such as coaxial connectors--an undesireable alternative.

Of the above transmission media, finline and twin-strip are considered
balanced and have the advantage that they can transition easily to waveguide
or dipoles. In addition, they allow operation of power amplifiers in a
push-pull mode, which, when coupled with Class B FET operation, has definite
advantages in efficiency.

Testing of the packaged civcuits by the antenna system integrator will
generally require standard package connectors or a standard test fixture into
which the package can be dropped. The latter is the more likely scenario
since the circuit supplier will need to develop a test fixture as part of his
circuit development.

3. Environmental

The issues in this category are mechanical compatibility, ruggedness, thermal
conductivity, hermeticity, and chemical compatibility. Mechanical
compatibility includes issues such as chip mounting technique (solder,
eutectic, epoxy, etc.), package mounting technique (all the above plus
mechanical pressure) and thermal expansion compatibility. High thermal
conductivity may be required in applications in which significant power is
dissipated, such as power amplifiers. This can be achieved by using high
thermal conductivity metals, such as copper, aluminum, or various alloys, or
ceramics such as beryllia or boron nitride as chip carriers or baseplates.

The final considerations, hermeticity and chemical compatibility, depend on
the degree and type of passivation used on the GaAs chip and on the outgassing
properties of the materials used in the package.

4. RF Performance

RF performance is determined primarily by the quality of the RF circuit design
and processing. The packaging technique will, however, affect performance
through RF losses, bandwidth alteration and propagation delay associated with
the package, connectors, parasitic reactive element, and feedback effects.

Optimal system performance will be achieved if the RF circuit designed has

sufficient information on the factors noted above during the design phase to
include them (and compensate for them, 1f necessary) in the circuit model.
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5. Shielding

This area encompasses both ionizing and non-ionizing radiation considerations
including radiation hardness, RFI, and electromagnetic pulse effects.

Assuming that the proper measures were taken in the aesign and processing of
the MMIC to minimize deleterious effects from these sources, the remainder of
the overall system resistance is determined by the packaging technique.
Consideration must be given to the choice of materials and their effect on
fonizing particles and charge storage in the package. A goo. RF grounding and
bypass technique is essential to both protect the circuit from physical
destruction and from interfering with other circuits via the DC bias and
control lines.

6. Test Ports

Test ports are required in order to evaluate circuit performance both prior to
system integration and during operation. These may be in the form of RF ports
which deliver a sample of an RF signal to some monitor point, or in the form
of DC or digital signals which contain required information about the state of
the system. All the considerations noted above under RF Ports and Shielding
apply here. The primary negative effect of the inclusion of test ports into
the package is to increase its size and complexity.

In summary, the Committee tried to highlight those major considerations which
must be taken into account in the design of MMIC packages for array antennas.
The recognition of these areas as potential problems is intended to stimulate
better exchange of information between the various disciplines involved in the
design of the system and allow the design of RF circuits, packages, and
systems which optimize overall performance. The establishment of standards
for packages is stiii premature, but ongoing work in this area will soon lead
to "de-facto" standards based on good designs which encorporate most of the
above considerations. '

CHARACTERIZATION

The techniques available for RF characterization of MMIC devices fall into
three general categories: optical, RF probes, and planar fixtures. In order
to discuss the relative merits of these techniques, it is first necessary to
consider who is doing the characterization, and which needs are driving the
activity. On one end of the "pipeline" is the device manufacturer, and on the
other 1s the system manufacturer. In some cases, both may be different profit
centers within the same parent organization. It is important to note that
their needs and priorities often differ. Consider Figure 1. The device
manufacturer clearly is concerned with characterization of wafers and diced
chips. He may provide packaged devices to nis system customer, but not
necessarily. The system manufacturer clearly must test mounted chips.
However, he may have received devices in chip form and performed the
die-attach himself, but not necessarily. Since mounted chips which are
integrated into a system must perform to the full subsystem specification,
testing at this level is driven by performance. At the wafer and chip level,
the primary consideration 1s cost. Testing here must be no more than is
necessary to assume acceptable ylelds at the subsystem and system level.
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The appropriate chip level tests, after a wafer has been qualified, are DC
parameters on a 100% basis, ana RF parameters on a sample basis. Appropriate
Rf data includes scalar parameters such as gain and return loss. However,
some applications will require phase information. Traceability to the wafer
must be maintained for high reliability applications.

For packaged devices, the full complement of DC and RF tests are
necessary. These tests are clearly application driven. Traceability should
be maintained here, as well.

“DEVICE MANUFACTURER ! USER
(Cost Driven Chgracteriza}jon)l (Performance Driven)
P
~ .
~ e
Direct ~ 7 Direct
Need s ~ Need
P ~ -
y s
CHIPS . PACKAGED CHIPS
lL Future 4L
Probe—- — —t>0Optical Planar Fixtuyre

FIG. 1 CHARACTERIZATION NEEDS CAN DIFFER

Chip level RF tests are currently being performed on a nondestructive basis up
to 26 GHz with wafer probe techniques. Presently, measurements on chips above
26 GHz 1s being performed in planar fixtures, which are usually in a waveguide
environment. However, chips tested in this way are not re-usable after the
test. Furthermore, the assembly is costly and not typically re-usable as a
fixture for other chips. Optical sampling techniques are currently being
investigated by several groups [Bloom, Stanford University; Hammond, Los
Alamos National Laboratory; Marou, University of Rochester]. Potentially,
these non-invasive/ non-destructive technigues offer a means of device
characterization through 100 GHz.

At the present time, a standardized package approach doesn't exist for devices
above Ku band. Typically, millimeter-wave assemblies are constructed on a
planar substrate which is permanently mounted in a section of waveguide.
Typical transitions from planar media to waveguide include:

a. E-plane probe with back short,
b. Tapered fin-line, and
c. Stepped or tapered ridge guide.

This is the same approach as is being employed in the characterization of

individual chips in planar fixtures. If planar fixtures are approached
properly, a standardized approach to MMIC packages, above 20 GHz, could
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result. That is, the fixture and package are designed together, and the
package becomes part of the fixture.

In order to discuss the characterization of devices in a standardized package, '
some attributes of such a package were assumed by the characterization
committee. The details of the package approach were left to the package i
committee. The assumptions are as follows:

a. Package media allows coplanar interface to chip. Balanced
(e.g., CPS or slotline) or unbalanced (e.g., CPW or slabline)
options both remain open.

b. The same coplanar interface can be used to provide inter-
package connections where several "packaged" circuits must be
interfaced.

b. The package can be waveguide interfaced or RF probed.

These assumptions are not overly restrictive, since considerable latitude
remains in the particular media and interface selection.

The]consensus which was reached on RF characterization techniques is as
follows:

a. RF coplanar probing techniques should be employed wherever
applicable. The upper frequency limit for these techniques is
expected to continue to push upward. Probing allows rapid,
repeatable and low cost data acquisition from wafers, chips, and
packages. Power device characterization can ke obtained by
pulse testing with an RF probe.

b. Fixture tested packages must be desi¢cned together with the
fixture. A coplanar interface to the chip and fixture must be
provided by the package, since discontinuities are thereby
minimized.

¢. Integrated optical sampling techniques are expected to play a
more significant role in the future characterization of chips,
since the chip interface is eliminated.

The criteria which were considered in these recommendations are repeatability,
characterization time, cost, thermal path, and pnst characterization
limitations (1.e., is the device usable by the system after test).

CONCLUDING REMARKS

The workshop on "Characterization and Packaging of MMIC Devices for Array
Antennas," provided a forum both for exchanging information on the current
status of development of MMIC devices and packaging and for identifying the
need for future developments. Opinions of the five subcommittees and their
recommendations for future developments have been collected and integrated in
this report. It is hoped that these summaries and recommendations will be
useful to workers engaged in research and development of the various aspects
of Monolithic Microwave and Millimeter Wave Integrated Circuits.
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APERTURE COUPLED PATCH
ANTENNAS AND ARRAYS

Dansel H. Schaubert and David M. Posar
Department of Electrical and Computer Engineering
University of Massachusetts
Ambherst, MA 01008 -: 0> rp/

Koy, xf//f

Phased arrays gf microstrip patch antenﬁé/txe being studied extensively
for millimeter wave applicatio..s, in which thé feeds for several elements in-

cluding the T/R md¢dules might be mtegro.ted onto a single GaAs substrate.
It is hoped that this integrated method- of fabrication will i improve perfor-
mance and reduce the cost per elemqnt in large arrays. Many investigators
sre finding, howevet, that patch ar;ﬁys on GaAs do not perform as well as
they would on a lower permxtth}y substrate. Also, the area available in the
unit cell (generally o/ Dby (27/‘5) is not sufficient to place the radiators and
all of the circuit components on a single surface. The aperture coupled patch
antenna permits the use of a low ¢, substrate for the antenna, and GaAs for
the active circuits. An intervening ground plane isolates the feed network
from the radiating face of the asray, and undesirable via connections are
not required. This paper describ¢gs an eight—element linear array of aperture
coupled patches that is designed for E-plane scanning. %ement and array
performance are discussed. An ,‘perture coupled patch with a perpendicular
foed also is described. This israngement allows the feed circuit to occupy
as rauch depth behind the ayray as needed. The impedance and radiation
patterns of the element are /gpica.l of other patch antennas.

1.0 INTRODUCTION QM L ﬂ{/'j >

AD-P005 399

Microstrip antennas have been popular elements for planar and con-
formal arrays. A traditional means of fabricating these arrays that takes
maximum advantage of the economies of printed circuit fabrication involves

the layout of radiating elements and a feed network on a single surface of a
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~ grounded substrate. This minimises the sise and weight of the total array
and requires the installation of only one coaxial connector to feed the array,
~thus reducing the cost. However, the microatrip feed network radiates small
| anidunts of power thgt can degrade the sidelobe and polarization character-
istics of thg 'array. Also, the radiators and feed lines occupy much of the
available area, leaving little space for the phase shifters that are required
for beam steering. Furthermore, for monolithic phase shifters, the substrate
must be GaAs, which is not a desirable substrate for the radiators.?

Maost of these probiems can be alleviated by using a two—layer structure
that has the radiatiné elements and their substrate on one side of a ground
plane and the feed network and its substrate on the other. In the past,
arrays fabricated in this fashion have utilized a via connection probe at each
element in order to transfer power from the feed network to the radiators.
However, these via connections are increasingly difficult to fabricate as the
frequency increases. Also, the use of GaAs as a feed substrate complicates
the fabrication.

A useful alternative to the via connection probe is aperture coupling.?:3
In this configuration, power is coupled from the microstripline feed to the
radiating patch through an electrically small aperture in the ground plane
(see Fig. 1). No electrical connection is required and the performance is
relatively insensitive to small errors in the alignment of the two circuits.

Single elements have performed well at frequencies as high as K, band.*
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The objectives of this paper are (i) to present the performance of an
8-element linear array of aperture coupled patches that was designed to
demonstrate the use of this type of element in a phased array that utilizes
a (simulated) monolithic feed network, and (ii) to present an alterﬁa.tive
aperture coupled geometry that offers some potential benefits compared to
the original design. The next section describes the 8-element array, presents
the performance of various elements in the array and mutual impedance data,
and finally shows the overall array perofmance. The third section describes
a perpendicular feed geometry and presents some ideas for its use in phased
arrays.

2.0 EIGHT-ELEMENT ARRAY OF APERTURE-COUPLED rATCHES

The primary objective of this array is to demonstrate that an array of
aperture coupled patches with PTFE substrate for the sntennas and high
permittivity substrate (¢, = 10.2 to simulate approximately GaAs) for the
feed ncework can be used as &n integrated, phasesteered array at EHF,
Rather than to operate at EHF where measurements and phase shifting
are difficult, a scaled model was built at 5 GHz. Tolerance studies have
shown that misalignment of the feed network on the order of 10 % of the
patch length*  -inimal effect on the performance of the antenna elements,
so that the scale model should be representative of the results that can be
achieved at 20 or 25 GHz. The use of 25-mil Duroid 6010.2 for the feed

substrate simu’- ... approximately 5-mil GaAs at 25 GHz, and the 60-mil
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Duroid 5880 antenna subatrate is 0.028 A\ thick at the operating frequency.
The dimensions of the array are given in Figure 2. In a monolithic feed
version, phase shifters would be fabricated on GaAs, but the antenna tested
here has microstriplines (approximately A, long) that connect to the feed
network through coax-to-microstripline transitions.

2.1 ELEMENT CHARACTERISTICS

The input impedance, referenced to the center of the coupling slot, of an
wolated element is shown in Figure 3. The element is well matched at 5 GHz.
The input impedance of a typical element in the array (mecasured with the
other elements terminated in 50 ohms) is shown in Figure 4. The return of
loss plots of some of the elements (referenced to the coaxial input connector)
are shown in Figure 5, where the worst case return loss at 5 GHz is about 12
dB. Mutual coupling is approximately —20 dB between adjacent elements of
the array and drops to —30 dB for center-to—end element coupling (see Table
1).

E-plane radiation patterns of several elements are shown in Figures 6
and 7. The unused elements are terminated in 50 ohms. The expected mirror
symmetries are evident, otherwise the patterns exhibit the broad beamwidth
and endfire levels of approximately —10 dB that are typical of patch radiztors.
Some pattern irregularities and scattering behind the ground plane, which

was approximately 41, X 2),, are seen, but the patterns are generally good
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and should result in useful array patterns over a fairly wide range of scan
angles.

2.2 ARRAY CHARACTERISTICS

Radiation patterns of the array were obtained by feeding the elements
with equal-amplitude, in~phase signals. This was accomplished by using a
commercially available 8-way power divider connected to the array by equal
lengths of semi-rigid coaxisl cable. The return loss of the array measured at
the input to power divider is shown in Figure 8. The VSWR is less than 2:1
over the frequency range 4.9-5.2 GHs. E-plane radiation patterns at four
frequencies are shown in Figure 9. The 20-dB front-to-back rati~ implies
that the slot apertures in the ground plane do not radiate significantly on
the feed side. The sidelobes are a little higher than one would expect for a
uniform distribution and they exhibit some asymmetries, but the patterns
are generally good. It appears that the performance of the aperture coupled
patch in small arrays will be about the same as that of the probe—fed patch,
but the fabrication may be simpler.

A scan blindness can occur in aperture coupled arrays due to the surface
wave on either the antenna substrate or the feed substratc. However, the
blindness caused by the low permittivity antenna substrate is very rear to
endfire. Also, the blindness caused by the GaAs feed substrate occurs at scan

angles greater than 80° for thicknesses up to 0.02 A, and element spacings of
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0.3 A,. Therefore, scan blindness induced by the GaAs substrate chould not
linuit the scan range of practical antennas at frequencies Lelow 50-60 GHs.

3.0 ARRAY GEOMBTRY WITH A PERPENDICULAR FEED SUB-

STRATE

Another design that uses separate substrates for the radiating elements
and active circuitry ia shown in Figure 10. In this case a vertical substrate
holding the radiating elements is fed by a number of parallel feed substrates.
Coupling is again through apertures in the ground plane of the antenna sub-
strate. This design also allows the use of a low dielectric constant substrate
for the radiating elements and a separate remiconductor substrate for the
active circuitry, similar to the two-sided geometry, and so has the same ad-
vantages in relation to scan blindness/bandwidth performance and shielding
of spurious radiation or coupling. In addition, this architecture has a number
of other advantages.

First is the fact that the feed substrate can be of virtually unlimited
sige, since there is not immediate restriction on the “depth” dimension away
from the vertical antenna substrate. Waveguide phased arrays usually use
this depth dimension to a similar advantage. The geometry also permits a
modular construction, where feed modules could conceivably be plugged in
to recepticles on the antenna substrate.

This design also allows efficient heat transfer from the ground plane of

the fead subst:ate. At millimeter wave frequencies low device efficiency re-
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quires efficient heat tranafer from active circuitry. The unobdt\‘mctod ground
plane of the feed substrates allows such heat rumoval to take place, while the
embedded ground plane of the two-sided design makes heat removal more
difficult.

Finally, such a geometry would lend itself well to space—fed phased ar-
ray lens designs, which may be of interst for some applications. This could
be implemented by having antenna substrates at both ends of the feed sub-
strates. I{ does not appear, however, that this geometry would be useful if
dual polarization were required.

The array with perpendicular feed substrates depends on the feasibility
ol feeding a single patch through an aperture with a microstrip line on a
perpendicularly oriented substrate. Such a geometry is shown in Figure
11, and has been verified experimentally, but no thecry has been developed
beyond simple arguments.®

Figure 12 shows a Smith chart plot of the lieasured input impedance of
a model at 2.2 GHs. This case used antenna and feed substrates both with
€, = 2.55, but a higher dielectric constant substrate could be used for the
feed, as well. Figure 13 shows measured E- and H-plane radiaton patterns
for this antenna. Most of the back lobe radiation is due to the use ¢/ a small
ground plane, and scattering from the connecting cable.

The geometry in Figure 11 shows a direct connection from the feedline

to the top of the aperture; the two ground planes are also in electrical con-
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tact. Another version of the perpendicularly fod antenna excites the aperture
by proximity coupling, eliminating the need for a direct connection of the
feadline.

4.0 SUMMARY

Aperture coupled microstrip antennas offer some potential advantages
in phased arrays compared to probe-fed and microstripline-fed patches. A
linear eight—element, E-plane array of patches using tho two-sided approach
has been fabricated to demonstrate the use of this technique in samall arrays.
The array performed well. An alternative configuration thut provides more
space for feed circuits utilises a parpendicular feed substrate. Single elements
of this type have been fabricated and tested, and arrays could be built.
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Table 1. Mutual Coupling in Array

5 GHz
P,L=178cm Pw =254cm
e@nt =222 d*™=0159cm

efeed =10.2  df*°d =0.064 cm

|451(dB)
St -30.7
Saa2 —24.8
Sa3 -21.6
S -22.1
S4e -27.0
Sa7 -30.3
Sas -31.8
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-79
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-46
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Figure1l. Aperture coupled microstrip patch antenna element.
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Figure 3. Input impedance of isolated element, 4.5-5.56 GHs. Circle indicates
VSWR =2.

Figure 4. Inputimpedance of element 6 in the array. Other elements terminated
in 50 ohms.
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Figure 5. Return loss of elements 1, 2, 3 and 4 measured at the coaxial connec-
tors.
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Figure 10. Integrated phased array configuration using feed substrate perpendic-
ular to radiating element substrate.
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Figure 11.

Geometry of isolated microstrip antenna fed through aperture with
microstrip line on perpendicularly oriented feed substrate.
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Figure 12. Smiih chart plot of mearured input impedances of perpendiculariv fed
microstrip antenna with aperture coupling.

Figure 13. Measured radiation patterns of perpendicularly fed microstrip an-
tenna with aperture coupling.
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Phased ArTay Antenna Pattern
Optimization with Failed Elements
O8.F. Colline 11, 2.M. Lowentowicz, A.J. Terrunli, Jr.

Electricel Engineering Department
Alr Force Institute of Technology

/-\ WPAFB, Ohio 43433

<iasmct
s paper discusses several methods of optimizing the pattern

of a phased array antenna. Two methods, the gradient search
algorithm mothod and the null displacement technique were shown to
be appliceble to optimizing a phased array with failed elements.
The results of the study show how the pattern cen be optimized
denanding on the scalar cost function and constraints chosen and
wvhat effects varying the complex weight of the array elements has
on the pattern. TL
1. INTRODUCTION

1.1 Background - The primary advantage of mounting a phased
array antenna on a satellite is the potential of scanning the main
beam, reducing the sidelobes or improving the signal to noise
ratio by varying the smplitude and phase of the current on each of
the slements. The major disadvantage of mounting a phased array

antenna on a satellite is that once the system is spece-borne, it
isn't very maintainable. If for some reason an element no longer
performs its designed function, the psitern will gensrally

degrade, i.e., the gain of the array will decrease, the main beam
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will widen end the sidelobes will incresse. A few element
failures cen be tolerated, especially if the elements which fail
ere positioned on the outer edges of the arrey, but as the
failures become excessive, the problem worsens. This paper
discusses several methods of compensating for the failed elwments
of an arrey by varying the complex weight of the currents on the
remaining elements.

1.2, Assumptions - It is sssumed that the exact position of
all the working elements are known, the elements are excited with
the correct emptitude and phase or not at all and the elements
will fail in clusters (dus to asteroids or spece debris), rows
(due to power supply or computer failure) or randomly. Also, the
satellite will be at an altitude which requires a & 150 scan to
cover the area of interest. This assumption will sase the
requirement of controlling all the sidelobes and also allow a 0.7
A interelement spacing, thereby reducing the effects of mutual
coupling. Finally the pattern is defined tu be optimized if the
average power in the sicelobes of interest (& 135°) minus the
sverage power in the mainlobe is minimized.

1.3 Development - The arrey sntenna pattern i3 optimized by
using an optimizstion algorithm and by using null displacement
[1,2). The optimization algorithm is the most straight forward
spproach bescsuse the rules for optimization cen be defined more
precisely. However such a progrem may take too long to converge
especially for an array of several thousend elements. The null
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displacement technique may be implemented using discrete fourier
transfores and therefore may be quicker. Other optimization tech-
nique considered include thinned arrey snaiysis [3-¢l, eigenvalue
methods [7,8], end adeptive arrey snalysis [4,9]. These tech-
niques either modified variables not appliceble to this cese (such
as slement position or phase shifters in nulling trees), or
required perturbation of the weights of the failed olinnts. Also
considered wes time modulation of sach slement’s current ampiitude
[ia). ™is method requires more complex circuitry and weight,
frequenéy modulates a representation of the array pattern end mey
limit bendwidth.
2. ANALYSIS

2.1 Grecient Search Algorithm - Given a cost function G(u)
with N parsmeters, the locstion of the ainimum {or maximum) cost
is desired. A necessary condition for the ainimum is that the
gradient of G(u) vanish at the stationery point. Inflection ste-
tionary points cen be eliminated algorithmically. Although global
optimality is not guarenteed, experience and intuition help assure
that the minimum reached is optimel. This is especially true for
problems where the parameter space is tightly constrained by phy-
sical limitations. A maximum-decent gradient-search algorithm is
used in locating tha optimal cost.

2.1.1 Cost Fun-tion snd Gradients - The first step in
applying en optimization algorithm is to define the scalar cost
function which must be minimized. To find a balance between the
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mein locbe and side lobes, the cost function chosen is:

By Bw Lin
G(u)-f|?(u)|2du-s1[ |P(U)|2m+f|P(u)|2du
Lim -Bw Bw
or
Lim Bw
c(u).f | P | 2 u = (148y) f|p(u)|2m
Lim
where
N-1
P(u) = Z wy expljuausl,
)

s} = scaling factor to increase or decrease the impor-
tance of main beam power,

Bw = sin 1\ *# 0.5
e

Lm = S’.ﬂ( 150)'0.26’
kd = gtx (0.71)=1.47,

wi = a3 exp( 1),
u=sine,
and N = number of elements.
After integrating, the cost functicn becomes:
N-1 N-1

G(u) = Z Z U (1)

na0 m=0

~158-




where
Hom = 2 Lim Se(kd(n-m)Lim)-2(1+s))Bw Sa(kd(n-m)Bw).

The gradient vector, which is the partial derivative vector of the
cost function with respect to the amplitude end phase of the

current exciting each element, is:

G N-1 \ e (2a)
— Cos -
™ Z o Hicm
ms0
and
G N-1
—_— Z -2 8 8y SIn(di-_bm) Hicme (2b)
L -~

2.1.2 Search Method - The second step of optimization is to
dafine the method of traveling towards the minimum. The algorithm
chosen begins by finding an initisl gradient and the point along
the initial gradient direction where the dot product of it and the
next gradient at that point equals zero. This guaruntees the
steepest descent. To converge to that point, the step size is
iteratively determined by:

new step = old step (1 + 0.9 cos a) (3)

where a is the angle between the initial gradient vectors and the
next gradient vectors. Wwhen new step equals old step, a=909, the
dot product of the twu gradient vectors equals zero and the. next




gradient vector becomes the initial gredient vector.
Theoretically, (3) will converge to the point of interest
regardless of the initial step size. However, the step does
oscillate around the perpendicular intersection of the two gra-
dient vectors. To minimize the oscillations, the algorithm counts
the number of consecutive cycles and chooses a new gradient vec-

tors if the number of cycles become excessive.

2.1.3 Results Using Gradient Search Algorithm

2.1.3.1 Amplitutude Only Perturbations - The optimization
algorithm was initislly run on a linear array with no failures

using amplitude only perturbations. The resulting distribution
(fig la) approached the ideal described by Dolph [11). Figure 28
shows the improved pattern versus the pattern for sn array with a
uniform distribution. The glgorithm was run sgain for an array
with failed elements. The results are shown in figures 1b and
figures 2b. It is important to note that each pattern is nor-

melized or

|P(U)|mx810

This requires the maximum current on the optimized array to be 30%
greater than the maximum current on the uniform array. This is an
improper condition, for if one element is capable of handling a
greater current, then all elements should be equally cspable.
After the algorithm was modified to constrain the amplitude of the
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current on each element, the tests were repeated. In each case
the algorithm stepped up to the constraint boundary - in order to
minimize the cost function, all elements should be at their maxi-
mum current handling capabilities. Only in the case of limited
power should amplitude tapering (as power management) be used.

2.1.3.2 Phase Only Pertubations - Optimizing the sntenna pat-
tern using phase only pertubations has been done by Voges and
gutler [12) and Shore [13]. Just as in the amplitude only optimi-
zation case, phase only optimization is a nun-linear function of
the phase parameters. Shore’s cost function for phase only opti-
mization is similar to the cost function used in (1). The dif-
ference is Shore’s wo»:. includes the sum of the squared weight
perturbations, which will minimize the required phase variations.
Equation {1) becomes:

0.26 Bw
N-1 2 12 2
G(u) = Z |Vn - 'ml + 82 | P(U)| du-(1+sl) ' P(U‘ du
n=0 -0.26 —ow

gnd the phase gradient is:

N-1

3G
— = 282 sin (§i) - 82 Z an ak sin (¢x - ¢m)
™ .

Mx

where

¥ s [wo, Wipeeos 'n-l:’ T (optimized weights),
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v = [uoo, Wopreee 'on.;’T (originel weights),

s2 = scaling factor to incresse or decrsase
the importance of minimizing waight perturbetion

(3240 + no perturbetion allowed,
$2a» + full perturbation).

In all cases; full or pertisl array, e&istruined_ or unconstrained
perturbations, the cost function was optimized when the phase of
all the elements equaled zero. The major reason for this is that
the area of interest is relatively large end is even-symmetric but
phase perturbations cause odd symmetric chitiges in array patterns.
If the area of interest wasn't so large, optimization may occur
[1a] using non-zero phase shifts. |

2.2 Null Displecement

2.2.1 Characteristics of the Z-Transform - The roots (zeros)
of the z-transform of en array factor cen be moved by varying the
complex weight of the currents on each element. The zeros, if on
the unit circle of the z-plot, represent a null in the sntenna
pattern. If the zero is not on the unit circle, the pattern will
dip at the location of the zero, but will not null (Fig 3). Also,
the closer the zeros are to each other, the lower the pesk power
of the lobe between them. Apparently, the cost function (1) would
be minimized if the zero corresponding to nulls beside the main
lobe were held constant and all the other zeros were moved into
the ¢ 159 range.

2,2.2 Effect of Complex Weight Psrturbations - To observe the
effects the amplitude and phase of the complex weight have on the
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Figure 3. Example of effect of zero placement on array \plt'tem.

zeros, the “root locus” was plotted.

2.2.2.1 Amplitude Perturbyticn - Figure 4a shows that as the
amplitude of the current is increased evenly for a peir of ele-
ments, the 2eros move towards the z-plot which would result from
having only those two elements. As expected, the zeros move in an
even fashion. If the current emplitude of a pair of elements is
varied oddly, figure 4b results. This shows that the srray pat-
tern will be even symmetric but the mein lobe will be nulled out.
Finally, if the current of only one element is varied (fig Ac) the
zeros temporarily travel off the unit circle as the current goes
from zero to the value of the other currents, and then head off
toward infinity or zero. With all the zeros at the limits, the
antenne pattern is that of an isotropic radiator.
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2.2.2.2 Prese Perturbations - The behavior of the zeros is
not as spparent with phase pertubation as it is with amplitude
perturbations. From figure 5 these obssrvations cen be made:

1. The further out the perturbed element is the greater its
effect on the main lobe and near in side lobes.

2. The pattern created by verying the phase of en element on
one side of an array will be the flip side of the pattern created
by varying the phase of the opposing element on the other side the
of array.

3. Zeros from sn even and single element phase perturbetion
are more constrained to s particular angle whereas zeros from an
0dd phase perturbation sre more constrained to the unit circle.

4. All zeros travel in the same direction as their complex
conjugates. For instence if one zero is moving in the direction
of increasing angle, then so is it's complex conjugate (i.e., odd
symmetric’

5. 2eros traveling due to phase pertubations always travel in
loops (in other words, 2w = 0).

2.2.3 Modifying the Pattern - Gaushell [1} has shown trat a
desired pattern can be synthesized by first deciding which nulls
to move, chenging the placement of the zeros end taking the 2-
transform of the resulting polynomial to find the required complex
wveight. In other words:

wn = 271 {E(2) W(2)) (a)
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or o = 271 {€(2)) * h(n)
where

H(z) *== h(n) = the originel array coefficients
and

(1-y)z-1) (A~ypz=l
E(2) = y12 y2r~4)

(1-2y2-1) (1-232"1)
= 3' m:n%::)?f new zero positions (yj) to old zero posi-
The model (4) is only applicable %o full srrays. Further study is
required to determine the feasibility of comparing the z-plot of a
full array to the z-plot of a partial array, including a factor
with E(2) to sccount for the difference and proceeding, as pro-
posed by Gaushell, from there. Equation 4 would then be

= 271 {Eg(2) E(2) W(2)},

where Eq(z) characterizes the effects of falled elements. This
study would determine what complex weights are needed to create
the desired pesttern.
3. CONCLUSION

Optimizing the pattern of a phased array sntenne with failed
elements will improve the performence snd reliability of the
dependent system. Many optimizetion techniques were considered,
including thinned array snalysis, adeptive array snslysis, time
modulation of esch element’s current amplitude, gradient search,
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and null displacement. The former two methods were applied
because of their adaptability to periodic, thinned arreys. For
the gradient search technique, the cost function to be minimized
was defined as the aversge power of the near in sidelobes minus
the average power of the main lobe. Using the gradient sesarch
algorithm to find the optimum current emplitude and phase on each
clements showed:
1. If the total power available is constrained, the amplitude
distribution approsches the Dolph-Chebyshev distribution.
2. If »9ll elements have the same capacity, and if sufficient
total power is avellable, all elem:nts should be excited at
their maximum output.
3. The phase of the currents on all the elements should be 0°.
For the null displacement technique, varying the amplitude of the
current on an element caused the pattern to chenge in an even
fashion and varying the phase of the currsnt on an element ceused
the pattern to change in an odd fashion. Further study is
required to verify an algorithm for displacing the zeros of a
periodic thinned, array in such a way as to improve the array pat-

tern.
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Abstract—Microst: .p antennas are popular because of their
inL.erent versatility as low profile multifunctional antennas.
Their few disadvantages, however, include a narrow frequency
bandwidth for single-mode operation. This has led f.o the
devciopment of dual-band elements for dual-frequency operation.
To achieve a continuous bandwidth of operation from elements
displaying an inherently resonant behavior, however, requires two
or more resonant modes capable of producing similar radiation
patterns with a similar quality factor. In addition, the feed
system must be capable of exciting these modes in a manner that
produces a smootlh transition between mode : (without interve.aing
stop bands). ™his paper describe~ the realization of an element
supporting two such modes whose resonant frequencies can be made

as ciose to one anotlier as desired. In addition the element is

completely monolithic and realized without the use of shorting

rins or plated--through holes which inhetently raise a resonant
fr~quency and therefore increase the elament dimensions in
froc -space waveiengihs. The equivalen< circuit of the element is

deraved from a cavity model that in.ludes mode <oupling.
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. INTRODUCTION

One of the disadvantages of resonant microstrip antennas is
their inherent narrow impedance bandwidth. This disadvantage has
led several researchers to explore various ways of increasing the
bandwidth. The nonresonant traveling-wave microstrip antennas are
not plagued with this problem and are not the concern in this

paper.

One obvious approach to increasing bandwidth is to lower the
Q-factor of the resonance. For a thin cavity antenna radiating a
given power, the resonant electric field and stored electric
energy are inversely proportional to the cavity thickness. Thus
the half-power bandwidth (1/Q) is roughly proportional to the
element thickness. The advantage of this method is that the
element structure remains simple. However, microstrip lines can
become overly wide to maintain the same impedance level on a
thicker substrate. A coaxially fed element suffers from an
increase in inductive feed reactance (contribution of higher order
modes) proportional to eiement thickness. Also, a patch element
oh a substrate of thickness greater than 0.4 dielectric
wavelengths has been shown to loose as muc! as 30Z of the input
power to the dominant TM to z (where 2z is the substrate normal)
surface wave supported by the grounded dielectric substrate [i]).

It hardly needs 10 be said that a thicKker element also sacrifices
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the conformability that wouild otherwise be obtained from a thinner

one.

Another approach to bandwidth enhancement is by appending a
reactive matching network. The most successful of these [2,3)
appear to be networks of low order (typically 3 or fewer
elements). The Q of the resonant mode places a fundamental
limitation [4]) on the bandwidth attajnable with a matching
network. Care must be taken to avoid excessive stored energy in

stubs leading to narrower bandwidths and increased losses.

Bandwidth can also be enhanced by the addition of coupled
radiating elements. Various combinations of parasitic and driven
elements were studied by [5,6). However, little concern was shown
for the difficulty in realizing a stable radiation pattern over
the impedance bandwidth. Weakly coupled parasitic elements are
more likely perturbed by an array environment and thus fewer
approximations can be made in the analysis of arrays. For phased
array applications it appears that greater pattern stability will

be achieved with fully driven elements.

Dual-band microstrip antennas are another approach to
increasing bandwidth. They serve as a good example of a design
which takes advantage of the natural mode structure supported by a

microstrip antenna.
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In the dual-band approach [7] one or three slots were cut in
a rectangular patch to lower the (0,3) mode frequency, while a
number of shorting pins were used to raise the (0,1) mode
frequency. By increasing the slot lengths and number of pins, the
ratio of resonant frequencies was varied from 3 to 1.31.
Apparently considerable effort was placed in obtaining a lower
ratio for continuous-band operation since an aiternative method
obtaining a ratio of 1.07 was claimed. The alternative method
consisted of a microstrip patch reactively loaded on a radiating
edge with a wrapped around transmission line. Such reactivaly
loaded elements were studied later (8,9,10) and also exhibited
dual-band performance. By loading the patch at an interior point
(where feed inductance was smaller) with a shorted stub just under
two wavelengths long, the separation in resonant frequencies was
reduced to 3.7% of midband frequency [10]), corresponding to a
ratio of 1.037. However, continuous-band operation was not

achieved.

The principle behind reactive loading is simply illustrated
by considering the reactance seen at the ioad port of the patch
[6,10). Looking toward the antenna one sees the parallel resonant
mode reactance Xp in series with the feed reactance (due to higher
order modes) associated with this port. Thus the parallel
resonant mode is effectively loaded by a reactance Xg; consisting

. of the feed reactance in series with the transmis~ion line stub.
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Since the two reactances X; and Xp appear in series, the condition
for resonance of the loaded structure is Xp - -Xg. If the
parallel-resonant frequency (fp) of the mode reactance (Xp)
approximately coincides with the series resonant frequency (fg) of
the effective load reactance (Xg), then this condition is
satisfied at two frequencies, f- and f,, such that f. < fg < f,.
To bring these frequencies closer together, the slope of Xg with
frequency is increased by increasing the stub characteristic
impedance and the stub length by additional half wavelengths.
While the frequency separation is decreased, apparently the Q's of
the loaded modes are increased due to aaditional stored energy in

the lcnger stub.

This paper describes a new wide-band microstrip antenna for
linearly polarized phased array applications. The specific
applications in mind are arrays consisting of a single thin layer
(typically 0.03 dielectric wavelengths) where bandwidths in excess
of 10X are desired. Of course, given the luxury of thicker or
multiple layers, additional bandwidth can be expected. Some of
the important considerations addressed which distinguish this work

are:

1., The realization of two modes with nearly identical linear
polarizations, radiation patterns and Q-factors, obtained

without reactive series resonator loading.
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2. The resonant frequency ratio of the two modes can be made
as close to 1.0 as desired without the use of shorting pins

or plated through holes.

3. The realization of a feed system allowing a smooth
transition between modes without introducing an intervening

stop band.

4., The impedance properties of the antenna are described by
4 nearly degenerate cavity model that includes mode coupling

through radiation losses.
2. DESCRIPTION OF THE DOUBLE-TUNED ELEMENT

The double-tuned element is a microstrip antenna suitabie for
linearly polarized phased arrays. It can operate with stable
impedance and pattern characteristics over a continuous frequency
band that is more than three times that of a single-mode

microstrip antenna of the same thickness.

A feature which is fundamental to the antenna performance is
the realization of two rescnant modes, each capable of radiating a
nearly identical linearly-polarized far-field pattern with
approximately the same quality factor (Q). With this approach the

resonant frequencies ( f- and £, ) of the two modes can be made as
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close Lo one another as desired. To achieve the enhanced bandwidth
capabilities, the normalized separation in resonant frequencies is

adjusted to approximately satisty

2(f, -f-.)/ (2, +2_)xB/Q (1)

where B is a number from about 2 to 3 depending on the desired

mismatch.

Assuming that two modes can be found which radiate
approximately identical patterns, a cavity model [11] predicts the
principal-polarized components of the far-field of each mode are

excited approximately in the ratio
1' i

(%, - £(1 - J/2Q)) A-
E-/ E, = (2)
( £~ - £11 - 3/2Q)) A,

where the scalar products A. = < J, 8- > A, =< J, 0, > and J
is the exciting vertical current density. §, and J- are mode
functions describing the vertical electric field of the two
dominant mod:cs in a thin cavity antenna. The mode functions are
real! and assumed orthonormal with signs such that equal

coefficients would imply additive broadside radiation. At maidband
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frequencies (f = (£, ¢+ £.) / 2) the ratio E- / E, should
approximately equal eJ9, 0 < |o| ¢ w/2, in order to achieve an
aiding contribution from each mode to the far fieid. To achieve
this relationship, the factors in (2) imply the phase of A_- / A,

Bmust. be an odd multiple of w (i.e. artiphased).
3. EFEEALIZATION OF MODES WITH SAME POLARIZATION

The search for a structure able to support two linearly
polarized modes at the same frequency led to the arrangement of
four patches shown in Figure i. The geometry has four planes of
reflzction synnetryl fu invariant under rotation by multipies of
w/2, and is eight-fold degenerate at the (0,1) mode resonant
frequency of a square microstrip patch. Such a degenerate
structure has eight linearly independent eigenvectors which are
nonunique since an arbitrary linear combination of them yields a
new (dependent) eigenvector. From the eight dimensional space
spanned by eight independent eigenvectors, an orthogonal set of

eigenvectors can be found by the Gram-Schmidt process.

The particular set of eigeanvectors used here can be
designated as an even or odd function of x or y, and further as
either azimuthal or radial. The two linearly polarized modes
shown in Figure { shall be referred to as the even-odd-azimuthal

(EOA) and the even-odd-radial (EOR) moces of the four patch

-180-




(a) ‘ (b)

Figure 1. The two vertically polarized modes supported by the
four-patch element, (a) azimuthal mode, (b) radixl mode. The sign
of the rf patch voitage with respect to the ground plane is denoted
by + or -. The dashed lines denote a nodal piane (E-wall). The
distributicn of radiating magnetic currents for each mode is shown
by arrows along the patch edges.
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element. The atimuthal mode iz characterizted by a nodal line
(E-wall) extending radially through each patch. The radial mode
is characterized by a nodal line extending azimuthally through

each patch.

The effective radiating magnetic current associated with each
mode i3 shown with arrows along the patch edges in Figure i. For
both modes il is readily seen that the x-directed currents will
produce a broadsid» far electric field which is linearly polarized
in the y direction. Similarly for either mode it is seen that the
far-field contribution from the undesired y-directed current
cancels in the broadside direction. In fact the contribution from
the y-directed current completely cancels in Lhe principal planes
which is a characteristic similar to the radiation of the (0.4)

mode of a zingle rectangular patch.

It should ke noted that the EOA and EOR modes can be realized
with a similar arrangement of four identical patches of a
different, but degenerate shape. Examples of alternative
structures are, four circular patches arranged in a square, or a

single annulug divided into four sectors (each being degenerate).

The degeneracy hetzeer. the azimuthal and radial modes can

then be split in one of several ways to yield the two modes shown

in Figure { as eigenfunctions associated with different
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eigenvalues. The degeneracy can be split by trimasing the radial

or amimuthal cormrers of the patches to raise the resonant

frequency of the radial or azimuthal mode, respectively. Another
approach 13 to cutl a small radial or azsimuthal slot ir the center
of each patch to lower the resonant traquency of the azximuthal or
radial mode, respectively. 'l'hq former method is easier to
implement. However, the latter method (which lowers a resonant
frequency) has the advantage of keeping the element electrically

smaller.

4. FEED SYSTEM DESIGN

To maintain excitation symmstry a corporate feed system was
chosen to produce four identical excitation currents. Corporate
feed systems (based on equal time delay) are known to provide good
excitation phase stability with frequency. However, from equation
(2) it was shown that an aiding far-field contribution from the
two modes at midband is achieved by an excitation current
satizsfying the requirement that < J, 0-> /< J, 3, > = -1. Thus
the appropriate feed point on each patch is located where the two
modes are equal in magnitude but opposite in sign. This theory
led to the corporate feed system and first prototype double—-tuned

element shown in Figure 2.
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Notes: Midband frequency is 3.55 Ghi.
Substrate is 1/16 inch Rexolite 2200, €, = 2.62
All dimensions above are in millimeters.
All microstrip feedline is 1.2 mm in width (100 Q), except
the input line is as indicated (50 Q).

Figure 2. A double-tuned modular element with corporate feed
system for squdl nicband excitation of the two linearly polarized
modes thown in Figure 1.

-184-




5. PROTOTYPE CONSTRUCTION AND TESTING

The first prototype was constructed as four patches
(approximately one inch square) on a Rexolite 2200 substrate of
1716 inch thickness. The substrate thickness was 0.03 dielectric
wavelengths at the nominal resonant frequency. The reflection
coefficient was measured with an HP8510 network analyzer at the
plane of the first T-junction before and after splitting the

degeneracy.

According to the theory, very little radiation occurs for the
chosen excitation before the degeneracy is split, because the two
modes are phased to cancel near broadside yielding a low radiation
conductance at the driving point. After the degeneracy 1is split
the cancellation is not complete and the element begins to radiate
broadside, thus raising the driving point éonductance and giving
rise to a "dent” in the Syy locus. Further separat;lon of the two
resonant frequencies causes the "dent® to transform to a "cusp"
which transforms to a "loop" as the separation is increased. The
aidpoint of the "loop" corresponds to the highest radiation
conductance as seen through the feed system (and feed inductance).
The resulting Syq locus and SWR after trimming the radial corners
is shown in Figure 3. The locus is characterized by a

double-tuned response as shown in the measured SWE. The bandwidth
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Figure 3. The measured 8y; locus (above) and SWR (below) of the
first prototype element gshown in Figure 2. The markers 1-5 denote
0.2 GHz frequency intervals.
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(SWR < 3) achieved using double-tuning is about 11X (3.36 to 3.7a

Gliz) at 3.5 GHz.

The pattebn stability achieved is indicated by the -eésured_
patterns at freguencies 3‘3. 3.5, 3.6 and 3.Y GHz. Figures & and
5 show the measured patterns in the H-plane (# = 0) and E-plane
(# - w/2) for 0 and # components of electric field in a spherical

coordinate system.
6. PATTERN ANALYSIS AND FQUIVALENT CIRCUIT

The radiation pattern for each mode can be derived from the
Fourier transform of the aperture magnetic current distribution.
Since the two modes are defined as linea~ combinations of (0,1)
and (1,0) modes in each patch, the transforn can be expressed as
the sum of the transforms of the (0,1) and (1,0) mode current each
weighted by appropriate array factors. Thus the current transform

of the azximuthal and radial modes can be written as

LYY
Rp

2 cos(ud) cos(vd) Kgq + 2 sin(ud) sin(vd) Ky, (3)

2 cos(ud) cos(vd) £54 - 2 sin(ua) sin(va) 4o (8)

1

where u = K 83in @ cos ¢ and v = kK sin 8 sin # are the transform
variabies, 2d is the patch spacing, and K5, and Ko are the

transforas of the magnetic currents for a single square patch.
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Figure 4. The measured E-plane (upper figures) and H-plane (lower
figures) clevation patterns at 3.4 GHz (left figures) and 3.5 GHz
(right figures). Principai polarization and cross polariza%ion are
shown in each case.
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Equations (3) and (%) readily show that the two modes have
identical patterns in the principal planes. Also, if
cross-polarized radiation is defined as that polarization radiateu
by the (1,0) mode, then such radiation is confined near the
diagonal planes at angles far from Dbroadside. Over niidband
frequencies the sum of the azimuthal and radial modes furtiier
suppresses the contribution Jrom the (1,0) modes. To better
understand the antenna behavior, the radiation patterns at the
nominal resonant frequency are shown for each mode in the H-, E-

and diagonal planes in Figure 6.

Further analysiz of the antenna in the vicinity of a near
degeneracy shows that the idealized azimuthal and radial modes of
a lossless cavity model are strongly coupled by exterior radiation
(losses). This phenomenon is a familiar effect in the theory of
waveguides and cavities which have wall losses, but would
otherwise be degenerate if lossless [12]). The effect is that the
lossless modes are coupled by the wall losses, resulting in lossy
modes which are no longer degenerate. In the double-tuned antenna
considered here, the degeneracy has deliberately been split.
However, the modes are still coupled due to substantial mutual
coupling loss. Thus the radiation loss can be represented by a
positive definite radiation conductance matrix G and its
associated quadratic fora in terms of mode voltages. The stored

energy is also represented by a quadratic form which is
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approximately diagonal if tlie exterior stored energy is much less
than the internal, and the lossless modes are orthogonal. The
mode-coupled cavity model shown in Figure 7 is derived in a manner
analogous to the usual cavity model [11). The new model removes
the strong dependence of the mode conductance on frequency that
occurs if the usual cavity model is appiie¢ to a nearly degenerate
case. The ideal transformers are introduced to r:move the
dependence of the mode capacitance and inductance or. the feed
point location. In absence of mode coupling the new model becomes
identical to the usual! model. It is of interest o nole that the
nearly square patch often used for circular polarization is an
exampie ¢f a cavity where the nearly degenerate (0,1) and (1,0)

modes are not coupled by either wall losses or radiation.

The reactive circuit elements in Figure 7 can be computed in
the usual manner [!4,13). The radiation conductance matrix is
computed from far-field integration of the Poynting vector for an
arbitrary set of mode voltages (ccefficients). The computed
Q-factors due to radiation loss are 39 and 48 for the azimuthal
and rad:al mode, respectively. For comparison, the Q of a single
square patch supporting the (0,1) mode iz 42. Thus it appears
that the G's of the two modes -re not exactly alike as hoped, but
are not significantly higher than that of & single square patch.
Algo, the mutual conductance Gpp contributes additional loss not

accounted for in the individual mode Q's. This additional loss
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Figure 7. The driving point equivalent circuit for the

double-tuned eclement with azimuthal and radial mode coupling
(corperate feed system not gshown).
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accounts for more bandwidth than would be estimated from tLhe Q's

alone.

7. CONCLUSIONS AND FUTURE WORK

The theory for a double-tuned continuous-band antenna was
presented based on a cavity model with mode coupling due to
radiation. An approach to the realization of two modes which
radiate nearly identical polarization over a broadside pattern was
demonstrated. Rather than beginning with two desired modes ang
attempting to force their rescnant frequencies together, the
approach began with a degenerate structure of sufficient degree
such that two desired modes would rexain after appropriately
splitting the degeneracy. The two modes were excited using a
corporate feed system designed to satisfy the “phase condition"
for continuous-band operation. For additive far-field
contributicns of the two wodes at midband, the feed pnints are
located where the mode functions are about equal in magnitude, but
opposite in sign. This result suggests that had the feed point
been otherwise locatec in the dual-band elements described by Wang
and Lo {7) and also by Richards, Davidson and Long {10}, radiation
coculd be possible at frequencies between two closely spaced

resonances.
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Also, it is believed that the mode-coupled cavity model could
explain other phenomenon that are observed in a RICrostrip cavity.
For instance, when the dominant mode is not strongly excited by a
particular feed arrangement, the new model predicts that the
dominant mode could also be excited indirectly through mode
coupling. Neglecting the coupiing in this case is expected to
cause some error in the computation of radiated power and input
conductance. Subsequent investigation shows that the (0,4) and

(even,odd) modes of a rectangular patch exhibit such coupling.
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PRACTICAL EXAMPLES OF INTEGRAL
BROADDAND MATCHING OF MICROSTRIP
ANTENNA ELEMENTS

D. A. Paschen
Ball Aerospace Systems Division
a Boulder, CO 80306

sgmm

A general discussion of techniques for enhancing the bandwidth of
microstrip antenna elements was presented at this symposium in
1983T*“51nce that time many forms of broader bandwidth micro-
strip antenna elaments have been fabricated at Ball Aerospace
Systems Division (BASD). The purpose of this paper is to discuss
those types of microsirip elements which have been broadbanded
through the use of an integral matching network. The integral
network is part of the actual element and this eliminates the
requirement for additional printed circuit or lumped element match-
ing networks. Thiu simplified form of wide bandwidth microstrip
element is currently finding use in modeiate bandwidth arrays
mmmuumm%«\ o
1.0 INTRODUCTION

The demand for elements in the L-Band frequency range which
cover both of the Global Position Satellite (GPS) frequencies
L1 (1575 MHZ) and L2 (1227 MHZ) is extensive. The additional

requirement for coverage of the NDS frequency L3 (1381 MHZ)




would require an element bandwidth of approximately 25%. Micro-
strip elements have many benefits which would make them attractive
for use in these medium bandwidth applications; however, the
operating bandwidth has typically beer much less than tiie required
25%. It is the purpose of this paper to descrihke 2 techniaue which
will extend the bandwidth of microstrip elements tn 30% anc beyond.
The technique and the modifications can be built into the element
feed so that no external matching circuit layers or components are

requiret,

2.0 DESIGN TECHNIQUE
A simple model for a thick microstrip patch is shown in Figure 1,
The inductance L2 is caused by the length of probe required to
feed the patch. The model is closely related to a two stage band-
pass figure as shown_in Figure 2. The simple addition of a series
capacitor woul& allow the inductance LZ to be resonated at the
cenier frequency. If L2 can be varied, the series resonant <ombina-
tion can be made to optimally enhance the bandwidth of the basic
patch which is fixed for & given thickness and dielectric constant.
The input impedance of a typical thick microstrip patch based on the
model is shown in Figure 3. The point P1 is actually the center
frequency of the parallel tank circuit. The value of the RL in the
model is 90 ohms by inspection, and the value of L2 can be found
easily by

L., = 60/u_ H (1)

where Wy is the radian frequency at point Pl' Since *he micrustrip
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patch has a built-in impedance transformer, resistance RL can be
varied by the position of the probe. The 1.8:1 VSWR bandwidth of
this patch, when optimized, will be between the two radian frequencies
Wy and Wy which are also determined by inspection. The curves2 in
Figures 4 and 5 are useful in finding the optimal comporient values

L2 and C2 for the two stage filter model. The curve in Figure 4

shows that a 1.8:1 VSWR (0.35 db loss) gives a N=2 decrement of 0.65.

Figure 5 gives the following values:

% = 1.50
9, = 0.46
93 = 1.80
The following equations are thern used.
= 9;
RL (wz‘wl)
L =z 1
! » (3)
we O
L, = 3R
(4)
B |
_ 1
G = (5)
ug Ly
RiN = R /93 (6)

The calculated value of RIN is 50 ohms as wouid be expected. L1 and

C1 give the component values for the patch model, and L2 and c2 give
-201-




the optimal vaiues for the matching circuit. Figure 6 shows the
patch input impedance from the model in Figure 1 with the induc-
tance L, removed. Figure 7 shows the input impedance of the

optimally broadbanded patch based on the model in Figure 2.

The comparison bgtween the actual value of L2 and the desired value
of L2 will show whether the probe inductance from direct feeding as
shown in Figure 8 needs to be increased or aecreased. The induc-
tance can be decreased by making the probe diameter increase, and
the inductance can be increased by making the probe diameter smaller

or by coiling if large increases are required as shown in Figure 9.

The capacitor C2 can also be implemented as part of thé feed by
capacitively coupling ;u the actual path. Figure 10 shows parallel-
plate and cylindrical forms. Other possibilities include annular
rings etched intc the attachment point in the element, various

other etched capacitoré, or various other mechanical forms of capa-

citive cocupling between the element and the feed probe.

An element was designed using the technique described above for
use over the two GPS bands L1 and L2 and the IDS band L3 and is
shown in Figures 11 and 12. The element is currently in use on
an electronically switched spherical array (ESSA) antenna system3
designed to produce six independent beams. The actual input
impedance of this element is shown in Figure 13 for a single port
of the dual probe circularly polarized element; the coupler which

provides the orthogonal power division is normally built into the
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element but was removed for this measurement. Linear E-plane

radiation patterns for the three bands are shown in Figures 14

through 16 and the peak gain has been increased considerably at
the band edges over an unmatched version. The squinting of the
main beam is one limitation of this technique although conipensation

is possible in most arrays.

3.0 CONCLUSION

The broadband matching technique described was used in the design of
the L-band element for use in a multibeam ESSA antenna system. The
1.8:1 VSWR bandwidth was 25%, and 2:1 VSWR bandwidth was greater
than 28%. The matching network was integral to the feed of the ele-
ment so that no additional layers of circuitry were required for
broadbanding. In addition, the radiation properties were reasonable

over th» bandwidth of operation,

4.0 REFERENCES
1. Paschen, D.A., "Broadband Microstrip Matching Techniques",
1983 Antenna Application Symposium, Allerton, IL.

2. Matthaei, G. L., Young, L. and Jones, E. M. T., (1964)

Microwave Filters, Impedance-Matching Network and Coupling

Structures, McGraw-Hi1l, New York, pp. 123, 127.

3. Taylor, T. H. Jr., “Electronically Sterrable Spherical

Array Provides Multiple Beam Coverage of a Hemisphere", 1982

Antenna Applications Symposium, Allerton, IL,

-203-




€ LIID -0
= tin
—Q

Figure 1. Minrostrip Patch Model

L, C
Sl [ o
g,

-0

Fiqure 2.

Bandpass Filter (N = 2)

-204-




Figure 3.

Typical Input Impedance of Thick Patch
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Figure 6. Patch Impedance Without Probe Inductance
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Figure 8. Direct Fed Patch

Figure 9. Increased Inductance
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Figure 10. Four Methods of Integral Series Capacitance
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RADIATING ELEMENT
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Figure 11, GAS Element Views
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GAS Element Input Impedance

Figure 13.
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Figure 14.
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Linear Radiation Pattern at 1381 MHz

Figure 15.
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Figure 16.

l.inear Radiation Pattern at 1575 MHz
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8 PRINTED DIPOLE RADTATING ELEMENTS FOR
E MONOLITHIC MILLIMETER VAVE PHASED ARRAYS
<

By: Daniel E. Rees and Brian J. Edward
Blectronics Laboratory

General Electric Company

.\ S Syracuse, New York t

\NWF‘Honolithic microvave integrated circuits (MMICs) are presently
being developed for millimeter wave phased array radars ahdf
communications systems. Incorporating monolithic active circufftry
into these arrays greatly increases system performance and cost
effectiveness as well as overall flexihility and reliability. To
achieve this system performance, radiating elements are needed
which are efficient, exhibit broad band- and beamwidths, are

lightweight, lov in cost, and that are directly integratable with

P
monolithic circuitry. - S

This paper focuses on our currert work with K - and V-band
microstrip fed dipole radiators with balun structures printed on
fused silica substrates, which may be directly integrated with
MMICs, and reports on an eight dipole-element line array using a
space-feed for element illumination. The elements exhibit broad
beamvidths and therefore are compatible with wide scan-angle
phased array radars, and their VSWR is less than 2:1 over

bandwidths ip excess of 20%.
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1. INTRODUCTION

Transmit/receive modules employing monolithic integrated
circuitry are currently being developed for active millimeter wave
phased arrays. Applicarions for these elemental modules include
ground based phased array radar, airborne radars, spacebased
radars, EV systems, missile guidance systems, and satellite
communications systems.

General Electric is presently designing and fabricating
modules for high performance millimeter wave arrays. Radiating
elements which are efficient, have broad beam- and bandwidths, are
light in weight, low in cost, thst directly interface wvith
monolithic circuitry, and are integratable into the module package
have been developed. This paper focuses on our wvork with K,- and
V-band printed microstrip fed dipole radiators with balun
structures. The design and performance of these elements are
described. The integration of the elements with the active
circuitry is detailed. A demonstration line array incorporating
eight dipoles and a space-feed for element illumination is also
described.

2. A PRINTED DIPOLE VWITH BALUN RADIATING ELEMENT

a. Radiating Element Selection

The millimeter wave phased array radiating elements must
exhibit high efficiencies, broad radiation patterns, high
polarization purity, and sufficient operating bandwidths. 1In

addition, the elements must be 1light in weight, be lowv in cost,




interface directly with the module active circuitry, and be
integratable vith the module packaging. Because dipole antennas
satisfy all the electrical performance requirements, and a printed
implementation fulfills the physical criteria, they have been
selected for the active arrays’ radiating elements. The printed
implementation allovs for wide flexibility in the design of the
dipole and its balun feed structure.

b. Balun/Dipole Design

The balun concept employed for the feed of the dipole vas
proposed by Roberts' in a coaxial realization, and later expanded
to a printed circuit format by Baver ana Wolfe?. The coaxial
balun structure and its equivalent circuit are shown in Figure 1.
Referring to figure 1b, the coaxial transmission line of
characterigstic impedance Z, forms a series open circuited stub

vith the load impedance, 2 vhile the outer conducters of the

1?
coaxial transmission lines having characteristic impedances Z, and
2, form a shunt short «circuited balanced 1line stub of
characteristic impedance Z.b. From inspection of the equivalent
circuit the impedance, 2. of the balun structure is readily
expressed as

2, '=-32, cot§, +jzlz.b tan®, /(Z, +:]Zmb tanGLb) (1)
#here 6 represents the electrical length of the open rircuited
series stub and 6, represents the electrical length of the short
circuited shunt stub. If the electrical 1lengths 6, are made
equal

e =0 =890 (2)
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then ziu' becomes

2, =2,2,7 +jcot® [2 (2 -2 cot’e) -2,Z %] . (3)

z_b’ + zl’cote

If 6 is selected to be equal to a quarter vavelength in the
transmission media, then at that frequency equation (3) reduces to

Zin' = zl . (‘)
If the characteristic impedance 2 is equal to Z ', then the

input impedance Zln is given by

zln = zl (5)
for © equal to 90°. Alternatively, 2 can serve as a series
transforaer to match the impedance z ' to that of the
accompanying circuitry.

o 0y} .

—lb ——————

fl‘b L
o—f - — - — — |
e

(b)

Figure 1. Coaxial Balun Structure (a), and Equivalent Circuit (b).
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A printed realization of the balun structure of Figure 1 is
depicted in Figure 2. The unbalanced coaxial transaission lines
are replaced by substrate supported microstrip conductors. The
groundplan; for the microstrip conductors ere printed so as to
form a balanced transmission 1line analagous to the outer shields
of the coaxial line. The vidth of these balanced line conductors
are selected to be at least three times that of the microstrip.
Vith this constraint, stsndard design aquations can be employed to
determine the impedances and effective dielectric constants of the
microstrip lines. The characteristic impedance of the balanced
line may be calculated by wodeling the conductors as a pair of
coupled microstrip lines on a suspended substrate operating in the
odd mode. The bottom ground plane of the coupled lines is
considered to be located a relatively large .distance vith respect
to the substrate thickness so that the balanced line impedance
becomes equal to tvice the calculated microstrip odd mode
impedance;

Z(balanced line) = 2 Z°dd (w strip) . (6)

The effective dielectric constant for the balance line

configuration is equal to that calculated for the odd mode coubled
microstrip lines;

e‘!,(balanced linz) = a.‘!_odd(u strip) . 7)

From a practical standpoint, the realizable spacing betveen
the balanced line conductors limits the lower extreme of Z , vhile
the three times microstrip ground plane width constraint limits

the lover extreme of Z, and z, aund zhe upper extreme of zZ,,- The
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actual characteristic impedances selected for these transmission
lines wvill be influenced by the supporting substrate’s dielectric

constant and thickness wvith values betveen 60 and 100R being

typical.

1~_. MICROSTRI?

Figure 2. Printed Realization of Balun Structure vith Integrated

Dipole.

The dipole radiator is directly combined with the balun
structure by forming the arms of the dipole as extensions of the
balanced line conductors as depicted in the figure.

The length of the open circuited microstrip 1line, §, is
referenced to the center of the balanced line. The short

circuited balanced line length, ©

b? is referenced to the center

line of the dipole arms as shown in Figure 2.

The dipole radiator is positioned a quarter of a free-spaca

vavelength above the arrays’ front face grocund plane so that
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maximum element directivity occurs normal to the array surface.
The feed point impedance for a single dipole a quarter of a
vavelength above a ground plane vas calculated as a function of
frequency using a method-of-moments code for wire antenras. Based
on the work of Butler’, an equivalent wire radius for the flat
printed dipole conductors of one fourth their vidth vas used in
the method-of-moments model. Figure 3 reports the calculated feed
point impedance versus frequency for a printed dipole having a
length to width ratio of eight. The calculated feed point

resistance at resonance is approximately 80%.

..
s
T

RESISTANCE/REACTANCE (0WAS)
H
v

s b ‘!t""""_.t!ﬂ!——-,_--'-'-"--.~_----._.-.--~“-~\‘>
° L ) . L 1 L |
. . 1.

V.l 1.2 1.3
NOAMALIZED FREQUENCY |'.l
-2 b

-7 W
Figure 3. Calculated Feed Point Impedance of Plat Conductor Dipole

having Length to Vidth Ratio of 8, and Located ) /4 Over

a Ground Plane.




The balun line lengths, 3 and §, were selected to be 90
electrical degrees at the dipole’s resonant frequency and the line
impedances, Z and 2, vere chosen tu be equal to the dipole’s
resonant resistance of 809, Therefore the dipole/balun
combination exhibits an input impedance at resonance per equation
(5) of

2, =802 . %e)
c. Measured Radiating Element Performance

Radiating elements based on the above described design have
been fabricated for both K, - and V-.band. Samples of these
elements are shown in the photograph of Figure 4. The K.—band
elements are printed on 0.25mm thick fused silica substrate and

the V-band elements are fabricated on 0.13mm thick fused silica.

Fused silica wvas sclected because it has a lov loss tangent
(tand=0.0001) and its dielectric constant (er-3.8) results in
favorable dimensions for the balanced and microstrip balun lines.
In addition, since fused silica is a hard type substrate, it is
suitable for integration into the module vhere hermetic sealing is
required and for interfacing with the GaAs active circuitry.
Since this particular dipole/balun combination design is centered
to the dipule’s resonant resistance of 802, a 632 quarter
vavelength microstrip transformer was added in series with the
input to each of the baluns to 1facilitate measurement of the
impedance matches vith 50Q test equipmont.

The elements are mounted so as to protrude through a 10.16 cam

square groundplane. A Wiltron "K“ connector provides a coaxial to
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microstrip transition for measurement of the K.-band element and a
ridged vaveguide to microstrip transition is used for evaluation
of the V-band element. Both styles of transitions provide in
excess of 20 dB return loss over their respective bands. A K -
band dipole/balun mounted in its test fixture with groundplane is

showvn in Figure 5.

Figure 4. Ka- and V-Band Dipole/Balun Radiating Elements Printed
on Fused Silica.

Measured return loss of the K.— and V-band elements are
presented in Figures 6 and 7. The elements exhibit 2:1 VESWR
bandvidths on the order of 20%.

The measured E- and H- plane far-field radiation patterns are

shovn in Figures 8 and 9. For both bands, the elements exhibit a
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broad lobe normal to the ground plane and peak gains on tha order

of 5 dBi.

Figure 5. Ka-Band Dipole/Balun Mounted in Test Fixture.
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Figure 6. Measured Return l.oss of Ka-Band Dipole/Balun.
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Figure 7. Measured Return Loss of V-Band Dipole/Balun.

270"

Figure 8. Measured Far-Field Radiation Patterns of Ka-Band

Dipole/Balun.
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Figure 9. Measured Far-Field Radiation Patterns of V-Band

Dipole/Balun.

3. AN INTEGRATED ACTIVE CIRCUITRY/RADIATING ELEMENT ASSEMBLY

To realize high phased array electrical performance,
flexibility, and reliability, along vith system cost
effectivenuss, the active elemental module design must be driven
by a nu?ber of considerations. These include the interconnection
of the kF circuitry, the integration of the radiating elements,

the distribution of prime DC pover and control signals, the

removal of excess heat, hermetic sealing, and 1low cost
manufacturability issues. General Electric 1is currently
developing millimeter wave modules which address these issues.

To achieve 1low production costs and high electrical

performance, the guantity of individual components and the number

£
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of interconnects between them must be minimized. An array
bnilding—bloqk vhich incorporates multiple elemental module
circuitry with radiating elements into a planar "tray" assembly i.:
illustrated in Figure 10. The tray assembly incorporates a har.u
substrate with laser tooled cut-outs to accommodate the active
monolithic transmit/receive circuitry. Printed onto this
substrate are the circuitry RF interconnect lines and the
dipole/baluns thus providing direct interconnects between the
active circuitry and integration of the radiating elements.
Selecting a hard substrate enables glass sealing of ceramic covers
to the substrate to form a hermetic package. A second substrate
distributes command signals from a controller to the elemental

phase shifters and T/R switches. DC power conductors are located

vn the bottom side of the tray. Each tray is placed onto an array
support structure having channels for heat removal fluid.

4. SPACE-FED LINE ARRAY

The physically small element to element spacings and high
circuit densities associated with millimeter wave active phased
arrays restricts the use of constrained feeds for the distribution
of the RF signals. This 1s particularly true for the case of
multi-beam forming feed networks such as when amplitude monopulse
beams are required. Space-feeds are therefore an attractive means
of distributing RF signals to the elements of an active millimeter
vave array when overall depth 1is unrestricted. The space-feed
concept is iliustrated in Figure 11. The arrsy acts as a lens

with collector and secondary radiating elements focusing energy
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from a;pfiMary'Seed.A The primary feed ﬁay be horn type antennas
- Q;'illustfated or a small array. The arrdy’s 111umination taper,

efficiency, and spillover are determined by the primary feed’s

characteristics and the array/feed geometry.

COMMAND SiGNAL
" DISTRIBUTION BONRD

CERAMIC WALL

RADIATING RLEMENT/
INTERCONNECT SUBRTRATE

COOLANT FLULIT

Figure 10. "Tray" Array Building Block Incorpcrating Multiple
Elemental T/R Modules with Iategrated Radiating

Elements, DC Power and Command Signal Distribution

System, and Heat Removal System.
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'1 RADIATING
'{ _' ELEMENTS
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1y
//'ﬁEEEP 1
COLLECTOR
ELEMENTS

Figure 11. Space-Feed Concept for Active Phased Arrays.

To demonstrate the operation of the printed dipole/balun
‘radiating elements in an array and the feasibility of the space-

feed concept, an eight element E-plane space-fed line array was‘

constructed for K -band. The array and fesd struccure are shown
in Figure 12. The elements are printed onto a single substrate
vith the array secondary radiators protruding through the front
ground plane. The array colle~tor elements are on the far side of
the ground plane in the figure. For the demonstration a aingle 15
dBi rectangular horn serves as the primary feed. It is located

approximately 15cm from the array by an absorber lined shroud.
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The line array elements intercept energy from only a small portion
of the primary feed’s main lobe and are therefore close to being
uniformly illuminated. The far side ground plane surrounding the
array collector elements is covered by absorber to dissipate the

energy vhich is not intercepted.

Figure 12. Eight Element, E-Plane; Space-Fed Line Array for Ka-
Band.

An eight element line array substrate is shown in the
photograph of Figure 13. The elements are spaced 0.6057x°
corresponding to the gpacing required for grating lobe free beam
scanning to 65° from broadside in a triangular grid planar array.
Por the single line of elements the grating lobe is incipient in

visible space for a scan angle of approximately 41°. The array
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shovn in the photograph is designed to form a beam at broadside.

The microstrip 1lines which interconnect the collector and

secondary radiating elements have lengths vhich compensate for the

i spherical phase front of the primary feed. Other substrates have
been fabricated with interconnecting line lengths which coumpensate

, for the primary feed phase front plus provide radiating element

phasirgs for beam steering to 15, 30, and 45 degrees from

broadside.

Figure 13. Eight Element Substrate shoving Secondary Radiating and
Collector Elements, and Phase Compensating

Interconnecting Lines.

The measured and calculated far-field E-plane radiation

patterns for the K -band space-fed line array phased for a
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broadside beam are plotted in Figure 14. Excellent agreement

exists betwveen the meagured and calculated patterns with the
measured sidelobe levels being vithin a swall fraction of a dB of

the level expected for the nearly uniformly illuminated array.
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Figure 14. Neasured and Calculated E-Plane Radiation Patterns for

the Ka-Band Space-Fed Line Array, Broadside Beam,

The measured main lobe patterns for the E-Plane scanned beams
are presented in Pigure 15. The levels, vhich are normalized to
the broads*d« -.am, .. 2ate the in-place element power pattern is

on the order of cos®/2e.
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Figure 15. Measured Main Lobe Radiation Patterns for the Ka-Band
Space-Fed Line Array, B-Plane Scanned Beams.

5. SUMMARY

A wicrostrip fed printed dipole with integrated balun has been
described. This Qntenna is efficient, exhibits broad band- and
beamvidths, is lightveight, lov in cost, and may be directly
interconnected vith monolithic circuitry and integrated with their
packaging. This antenna is ideally suited as a radiating element

in millimeter wvave phased arrays vhere active circuitry is
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employed at the elemental levei. The performance of this design

has been demonstrated at both K - and V-band frequencies.

Space-feeding is an attractive method for the distribdution of

RP signals in millimeter wave arrays. The feasibility of this

concept vith the dipole/balun employed for both collector and

secondary radiating elements has been demonsirated with array

beans being formed at and scanned off broadside.
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A DESIGN CONCEPT FOR AN MMIC MICROSTRIP PHASED ARRAY

- Richard Q. Lee, Jerry Smetana, and Roberto Acosta
4 NMational Aeronautics and Snace Administration
/ Lewis Research Center
Cleveland, Ohio 44135
\\\ 1. ABSTRACT
T 7TT% A conceptual design for a microstrip phased array with
monolithic microwave integrated circuit (MMIC) ampiitude and
phase controls 1s described. The MMIC devices used are 20 GHz
variable power amplifiers and variable phase shifters recently
developed by NASA contractors for applications in future Ka band
advanced satellite comsunication antenna systems. The proposed
design concept is for a general NxN element array of rectangular
lattice geometry. Subarray excitation is incorporated in the
MMIC phased array design to reduce the complexity of the beam
forming network and the number of HMIC components required. The

proposed design concept takes into consideratio: the RF charaéi

teristics and actual physical dimensions of the MMIC devices.
Also, solutions to spatial constraints and interconnections
assoclatad with currently available packaging designs are
discussed. Finally, the design of the microstrip radiating

elements and thetir radiation characteristics are examined.
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2. INTRODUCTION

NASA Lewis Research Center has an on-going program to
develop monolithic microwave integrated cirzuit (MMIC) devices
for satellite communication applications in the 20 and 30 GHz
frequency bands. In parallel with this activity, research
efforts have been focused on the development of active phased
array technology making use of these MMIC devices. The adian-
tages of active phased arrays with amplitude and phase control
at each radlating element or subarray are well known. In
addition to electronic beam steering at nanosecond switching
speed, an MMIC phased array can provide adaptive nulling of
interfering signals and dynzwic compensation of a distorted

1

wavefront.  To investigate and denqnstrate the feasibility of

¢
MMIC phased array concepts, NASA Lewis is currently developing
an MMIC phased array feed system using horn radiators and wave-
k)

guide beam-forming networks with the MMIC devices placed inside

2 An active phased array with MMIC devices

waveguide housings.
in waveguide housings, however, does not offer any significant
improvement in weight, size, and cost advantages. Recent
research efforts on MMIC phased array have led to multi-layer
planar structure design concepts where the radiating elements,
RMIC devices, RF power distribution and logic corntrol networks
are deposited on different substrate 'Iayers.3 To our know-

ledge, a total system integration based on such design ccncepts
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has not yvet bDeen realized to date. This paper discusses some
considerations and constraints relating the MMIC microstrip
phased arvay designs. Based on these considerations, a con-
ceptual design for a MNIC phased array composed of mouular
microstrip subarray 1s proposed.
3. ARRAY DESIGN CONSIDERATIONS

Some considerations in active phased array designs are
spatial coastraints, interconnections, heat dissipation, and
cost. At high frequency, the physical size of the microstrip
antenna 1s generally too small to allow direct amplitude and
phase control at each element. With the currently avallable
packaging d=signs for the 20 GHz transmitting module as depicted
in figure 1, the overall dimensions of the MMIC devices are
larger than a single microstrip patch element. If MMIC devices
were placed at each element, the element spacing would be large,
ard grating lobes would be generated. The spatial cunstraint may
require the use of modular subarray as radiating elements. Wher
an active phased array requires thousands of radlating elements,
cost 1s an overriding factor‘ due to low production ytelds and
high costs for the RF characterization of MMIC devices. The
design concept developed by NASA Lewls uses medular subarray
instead of individual radlating elements. The subarray moduler
approach reduces the cost and the complexity of the beam-forming

network by reducing the number of MMIC devices required.
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Another critical issue is that of heat remival. The pro-
Jected efficiency for a power amplifier is typicaily less than
20 percent. The MMIC devices on substrate bocrds often generate
excess heat causing warping and device malfunctions. To prevent
excessive heating, MMIC devices are placed on separate substrate
boards and proper thermal heat sinks for the MMIC devices are
provided.

The multi-layer design approach requires very precise board
alignment in electrically connecting several layers containing
radiating elements, logic control circuit and beam-forming net-
work. The interconnection of large quantities of MMIC devices
and microstrip patch elements pose formidable topology and mutual
coupling problems in active phased array designs. = The complexity
of high-level integration requires innovative feeding technique
and proper choices of array architecture and heam-forming netwnik
design. Zlectromagnetic coupling techniques and optical beam-
forming network concepts are currently being considered by NASA
Lewis &s viable approaches to these prob'lems.5
4. ARRAY DESIGN CONCEPT

Figure 2 shows a design concept of an MMIC microstrip phased
arrey. The MMIC amplitude and phase control mojules are mounted
on a 3mall rectangular substrate panels with RF power and logic
control 1ines exteniing to the edges. The panels are inserted

vertically into a properly designed bracket connecting the
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radiating element lay.r to the RF power distribution layers at
both end: . With MMIC devices mounted on individual substrate
panels, the proposed array configuration allows device characier-
Yzation as well as easy replacement of faulty devices. Further-
more, the existence of large spacing between adjacent MMIC panels

alleviates heat dissipation difficulties. A thermal sink is

igenerally required for multiple beam operatiors where several

sets of amplitude and phase controls are placed on the same

,isubstrate panel. F1§ure 3 11lustrates a scheme for heat removal

using graphite aluminum (GR/AL) heat pipe. GR/AL is a composite
material with the property of lightweight, low coefficient of

" thermei expansion and high thermal conductivity. NASA Lewis 1is

currently supporting development of such materiai for space

. applications.

The spatial ahd Anterconnect problems delineates the choice
of subarray-type confiouration. Figure 4 shows four modular sub-
array conf1dufat1ons currently under investigation. Subarray (a)
is a corporate fed 2 by 2 rectangular subarray. Subarray con-

figurations b, ¢, and ¢-a11 have a driven center element and

| surrounding parasitic elements. The parasitic subarray config-

urations have the potent1a1 advantagés of lower feed losses,
reduced feed 1ine radiation, lower sidelobes, and increased
bandw1dth.6 Experimental investigations are being carried out

to study the circuit and radiation characteristics of these
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subarray configurations. Figure 5§ shows the typical radiation
patterns of a 2 by 2 rectangular subarray and a 3 by 3 parasitic
subarray along with that of a single microstrip patch.

The use of electromagnetic coupling between the feed 1ine
and the radiating element through an aperture will greatly
simp11fy the interconnect problem. An Apérture-coupled micro-
strip antenna with a perpendicular feed has been investigated and

7

proven feasible. Th1§ technique 1s particularly attractive ' o

for use in the axcitation of the parasitic subarrays. However,

further study and investigation 1s required to improve the . " ﬁ -

coupling efficiency.

5. CONCLUSION v ;7 # -

A conceptual design for a microstrip phased array with cur-
rently available MMIC amplitude and rhase centrol deviées;has“
been described. The proposed design addresses the brob1gms of .5§%'
spatial constraints, interconnections and heat removal. Althﬂ%ﬁhﬂi
the hardware and fabrication techniques for the HH;CFqgégﬁd @ﬁfﬁy |

X1
system may already exist, much work stil1 needs“to/hé done to

reduce the complexity of MMIC control and interconnectivity while

achieving good performance.
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MUTUAL ADMITTANCE BETWEEN SLOTS IN CYLINDERS
OF ARBITRARY CROSS SECTION SHAPE

A. F. Peterson and R. Mittra
Electromagnetic Communication Laboratory

University of Illinois
Urbana, IL
/, -
\a ABSTRACT

Both the proper design of slot arrays and the positioning of multiple antenna
arrays on a common surface require an accurate estimate of the mutual coupling
between individual slot elements. To date, the analysis of mutual admittance has
been undertaken for slot elements in simple shapes such as circular cylinders, cones.
and spherical surfaces. Limited attempts have also been made 1o treat more general
surface shapes using asymptotic methods. In an effort to extend this type of
analysis to arbitrary geomeiries, the present investigation considers a numerical
solution for the mutual coupling between individual, finite-sized slots in an infinite,

conducting cylinder of arbitrary cross section. Both axial and circuinferential slots

are considered. % 7

The problem of determining the mutual coupling is posed in such a manner as
1o maae it amenable to convenient numerical solution. This is done by using the
aquivalence theorem to replace the sonrce slot by magnetic currents radiating in the
presence of the closed cylinder. Next, the original three- dimensicnal problem is
replaced by a series of equivaleat two-dimensional problems via the use of the
Fourier transform in the axial direction. The inagnetic field integral equation, which

is used to solve for ihe problem of scattering by an arbitrarily shaped cylindes*
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irradiated by a magnetic current source, is discretized directly in the transform
domain. The mutual impedance is computed from the knowledge of the numerical
solution for the current density on the cylinder. The results obtained via the use of
this approach are found to be in good agreement with the available data for circular
cylinders. It appears from this initial study that the method is practical to apply
for cylinder circumferences up to or excesding ten wavelengths. The method is also

generalizable to cylinderé with surfaces that satisfy an impedance boundary

condition.

1. INTRODUCTION

Both the proper design of slot arrays and the positioning of multiple antenna
arrays on a common surface require an accurate estimate of the mutual coupling
between inciividual slot elements. To date. the analysis of mutua: admittance has
been undertaken for slots on ground planes [1). on cones [2]. [3]. on circular
c}linders [4] - [8). and on spherical surfaces [9). Limited attempts have also been

% made t0 treat more general surface shapes [10], {11]). These approaches are based on
analytical or asymptotic methods. and are not easily generalized to more
complicated geometries. In an attempt to extend this type of analysis to arbitrary
geometries, the present investigation considers a numerical solution for the mutual
coupling betwen individual slots in an infinite. conducting cylinder of arbitrary
cross section shape. In general, numerical solutions involving electrically large
three-dimensional structures are cumbersome and inefficient. Furthermore, trade-
offs that can greatly improve the efficiency usually do so only at the expense of
accuracy in the results. Therefore, one goal of the present study is to idertify the
degree of accuracy attainable in practice from the numerical procedure and assess
the overall efficiency of the approach. Since extensive results have been tabulated

for circular cylinders [S], these will be the initial focus in order to judge the
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accuracy of the method.

Two cases will be considered: coupling between two circumferential slcis and
coupling between two axial slots. The slots are assumed to be waveguide-fed
apertures excited with the TE10 waveguide mode, with no higher-order modes
included in the model. (A recent investigation has included the effects of higher-
order modes, and concluded that the true mutual coupling is generally slightly
smaller than thet predicted under the above assumption [9)) Under this
assumption, the aperture field of the source slot can be expressed as

12

2 wt

E=:|g5r

for tbe circumferential slot and

E=t 2 lmtzos("z (12)
Fawa | O lwa L

for the axial slot, where the origin of the coordinate system is located at the center

of the slot. as depicted in Figure 1.

Under the above assumption, the mutual admittance for the circumferential

case is defined

Ag  wp
172 7 T .
Yar ==| 2 [ [ cos(ZE) 7,0 a)anar (13)
’I’Wa —.h. vy Wpa
=z T

where the integral is taken over the aperture of slot B, and J, is the current density
induced on the cylinder when slot B is short-circuited (closed by a perfect
conductor) and slot A is excited by the assumed field of Equation (1.1). Similarly,

for the axial case the mutual admittance is defined
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Figure 1. Geometry showing two axial slots and two circumferential slots in a
cylinder of arbitrary shape.
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2 T2
where J, is the iransverce current density induced on the cylinder by the assumed
field of Equation (1.2), with slot B short-circuited. The current densities can be

found after splving for'the fields of an equivalent magnetic source defined
R,=Exi | (1.5)
For the circumferential slot field of Equation (1.1),

. . 1/2
K, =tK =t

hywy VA

For the axia! slot field of Equation (1.2),

5 ‘1/2 e
- cos (—=) 1.7
haws ) wa a.n

These equivaient magnetic currents, radiating in the presence of the infinite
cylinder. produce the same exterior fields and currenis as the original slot with
aperture fields described by Equations (1.') and (1.2). Thus. the problem of
computing the mutusl coupling between slots A and B reduces to that of finding the
currents induced upon a closed, irfinite conducting cyll.nder by a finite impressed
source K., . Once these currents are fourd, the mutual admittance between slot A

and any other slot locaticn can be computed using Equations (1.3) and (1.4).

To simplify the iask of determining the currents induced upon an infinite
cylinder by a finite source. the problem can be posed in the Fourier transform

domain. The Fourier transform is defined
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F,AHGE) =H(y) = fH(z)e""dz (1.8)

The inverse Fourier transform is

FAHW)=H(z) H(y)zirdy (1.9)

f

=L

27
Applied to the unknown currents, the Fourier transform converts functions of ‘t’
and 'z'-,tb funéticns of 't aﬁd the transform variable 'y". Because the cylinder is
invariant with resbect to z, the unknown current density at each value of y can be
found indeperdently. Thus, the original three-dimensional problem reduces to the

superposition of uncoupled two-dimensional problems, which are more amenable to

numerical solution.

In spite of the simplification resulting from the decoupling of the equations
mentioned above. we are still faced with the task of solving the two-dimensional
problem over the infinite continuum spanned by the variable y. In practice, we are
forced to work with a finite number of discrete values of the spatial frequency, i.e.,
Yo- Y21, - Ysn. As is well known from signal analysis [12], when a Fourier
transform is combined with an evenly-spaced sampling process, the result is
equivalent to working with the Fourier transform of a periodic extension of the
original function of z. We can think of the above approach as being equivalent to
replacing the original problem (which involved a single source slot) by one
involving a periodic array of source slots. This analogy allows a better grasp of the

approximations introduced by sampling in the transform domain.

The period of the fictitious source array must be sufficiently large so that the
coupling between the fictitious slots and slot B will be insignificarit compared to the
coupling from slot A to slot B. In addition, discrete values of ¥y must be included up

to the point where truncation does not introduce numericai inaccuracy. After
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solving for the transform currents over & suﬂiclem range of 'y the inverse

transform can be comp\\ted expllcnly aocording tox 4ie equation _below

J(t ,z}a .__ J(t.0)+2 Z J(t .nAy)\.os (n Ayz) o (1_.’1 0)

n #l

to produce the spatu\l currents at the dmred locauons for t,he adnu'umce
calculatlon ln Equatxon (1. 10), we. have ‘assumed that the: o*ngmnl source‘

distr'butnon is Centerfd at z=-0 and is sermmetr.c m 2,
\ N i

In summary. ‘'we have poud the mutual couphng problem in an arbitrarily--
shaped eylmder in such a manner as to make it amerable to numerical solution. The
eunlence theorem is used to replq'ce “the source slot by magnetic currents
radiating“in the presence of the closrd 'c.ylinder. The desired t/hree—dimensional
probleni can be represented by the superposition of two;dimensional problems via
the. Fourier transforrn.' The‘ eoua"t'ionsv can be &iscretized directly in the transform
‘domain, whlch mtroduces a fictitious periodxcnty in the spatial domai:. However,
the formulunon does require that the two-dimensional problem be solved at a
number (perhaps‘ a large number depending on the relative location of the source
and secondary slot) of spatial frequencies. T'he extent of the necessary spectrum, the

period size, and other aspects concerning the modeling procedure will be detrrmined

by numerical experimentation.

2. COUPLING BETWEEN AXIAL SLOTS

The framework for constructing a numerical solution for the mutual
admittance between slots was developed above. The primary iask is to find the
electric current density induced in the vicinity of the secoadary slot by the
equivalent magnetic current representing the source slot. For axial slots, only the

trangverse electric current density J, is required for the admitiance calculation. A
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suitable e(;uaticm for the transverse elzctric current density is the magnetic field

‘ mtegrai equation: (MPIE) \vhnch enforces the boundarv ‘condition that the total

magneuc field at the surface of the cylinder is proportlonal to the electric surface

" current densityv,acc.ordihg;tp‘ .

AxH=7 . | | @.1)
,TﬁeMF]Eclahbeexpreseed B B
H""(t.z)——](t*)—z curljt(t )J(t z)e -z dt'dz 2.2)
where
R=vVix() =@ P+ @) =y IP+(z =2 (2.3)

and where H/"" represents ihe Z —component of the magnetic field produced by the

equivalent taagnetic current X, if the magnetic current was radiating in {ree space.

" Equation {2.2) is a corvolution in tke variable z, and an application of the Fourier

transform in conjunction with the convolution theorem [12] yields

H' e ==Jy)=% curl [£@)], (¢ )G pik y)ar’ 2.9
whiere [13]
Glox py=F, | £
47:'\/p2+22

1 2) T2
-4-7116 (pVk2—y?) k2> g2

(2.5)

1 2o 212 v: > k2
5 K (pVy—k?)

and

260




A

v ' p=vlx@)-xW)P+ly@)—y@)F : (2.6)
Equation (2.4) is identical in form to the conventioral two-dimensional integral
~ equation for scaitering from a conducting cylindar, with the exception that the
wa.venmﬁb_er k his been replaced by
g =VEESg o @n

Lo o ' The incident magnetic field can be computed from the expression

- ing k:_,yz - ' - . ' ’ .
H (t.y)=2_ X,(t' y)G (pk y) dt 28
H. 24 7 ,i,{,\ v)G(pk .y (2.8)

" where 7 is the intrinsic impedance of free space. p is defined in Equation (2.6), and

K, is the Foarier transform of Equation (1.7).

The preceding discussion introduced the idea of replacing the criginal source
slot by a periodic repetition of slots, in order to discretize the transform domain. If

the spatial period is P, . the sampling interval in the transforin domain is fixed at

Ay = 7 . : (2.9

Equation (2.4) can be solved approximately by converting it to a matrix
g equation of finite order, using the method of moments [14]. The cylinder cross-
sec’ion can be modeled by the snperposition of flat strip-cells, and the unknown

electric current density can be replaced by a finite éxpansion of the form

- M
J,@)E L jaly) p(t) (2.10)
n =1

where p, (1) denotes a subsectional pulse basis function
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1 ifrecelln

ai)=1{, otherwise (2.11)

The integral equation of (2.4) can be enforced approximately at the centers of each
of the cells in the model to yield an M-th order matrix equation. The solution of
this system of equations gives an apprrximation to one harmonic of the unknown

current density.

The moment-method approach empioyed here has been adequately discussed
elsewhere [14]. [15], and the details of the numerical implementation will be
omitted. However, two additional points deserve mention. The first concerns the
modeling of the source. It is convenient to model the source slot with the same cells
that comprise the model of the cylinder, although this is not at all essential to the
approach. In the axial case. the source is constant in the variable t, and can be
represented by the same type of pulse expansion used in Equztion (2.10). The
second point concerns the evaluation of the integrals arising in the matrix elements.
Since closed-form expressions for the integrals of the type appearing in Equation
(2.4) are not often available, some form of numerical integration is necessary to
accurately evaluate the elements of the moment-method matrix. In this case, many
of the matrix elements can bz accurately determined by single-point integration. For
those elements of the matrix representing closely spaced cells. experimentation
determined that single-point evaluation does not produce accurate enough numbers.
A Romberg integration algorithm {16] was used to compute the closely-spaced

terms.

The total solution for the current density as a function of z is obtained by
solving the matrix equation for each harmonic and superimposing the transform
currents according to Equation (1.10). This indicates that the coupling between a

single source slot and a multitude of secondary slots can be calculated
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simultaneously using the currents produced by a single source configuration
(provided that the spatial period is selected large enough to accommodate all the
secondary locations). The admittance calculation follows from Equation (1.4).
Since this calculation also requires a numerical integration over the current, it is

necessary to evaluate J, at several points throughout each secondary slot.

3. COUPLING BETWEEN CIRCUMFERENTIAL SLOTS

The treatment of coupling between circumferential slots is similar to that of
the axial case. However, the circumferential rase is slightly more complicated
because the equivalent magretic current of Equation (1.6) excites both ¢ and Z
components of electric current on the cylinder. Although only the Z component is
used in the admittance calculation, the solution process involves both components of
electric current density. Coupled magnetic field integral equations for this problem

are given as

H™ey) =<1y~ cart [(@)] )6k .y)d 2.1)
ﬁ'im‘(t '7) = jz (t '7) —;(l ) - curl f z jz (3 .7)6(})* .‘Y) dt'

—t@)-eurt [e@) T, (€9 G (pik y) at 3.2)

where the "incident” fields on the left-hand side of the equation are those produced
by the equivalent magnetic source of Equation (1.6), radiating in the absence of the

cylinder. These expressions are

B ke ]6 (pik y) dt’ (3.3)
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- 2 L -~
A"y =X K (' 3)G(pk y) de’
Sy = n,a[a (') G (pik .y

G (pk .y) dt’ (3.4)

9
¥
+T"’l£| K, (¢y)

where G is defined in Equation (2.5).

The equation for the transvecse coxhponem. of the current ic decoupled from
the other. and this suggests that we first solve Equation (3.1) for J,. Subscquently.
the axial comporent can be found from the Equation (3.2). Because the treatment
of the circumferential case requires the solution of two integral equations, which
translates into the solution of two matrix equations for each value of vy, the process

is less efficient than in the axia) case.

As explained in Section 2. the cylinder under consideration can be modeled by
a superposition of flat cells. Again we consider replacing the unkncwn current
density by an expansion in piecewise constant basis functions. and enforce the
equations at the center of each cell in the model. At each value of y. we first set up
and solve a matrix equation for an approximate solution to Equation (3.1}. With the
exception of the source term given in Equation (3.3), this equation is identical to
that discussed for the axial slot case. Once the transverse current density is found,
we set up and solve a second M-th order matrix equation to find the axial current
density. In the second case. we include the known transverse current density as an
additional source. Finally, the total currents on the cylinder are found f rdfn

superimposing the harmonics according to Equation (1.10).

For convenience. the source slots were represented with some of the same cells
that model the cylinder surface. Although the source varies in a sinusoidal manner
in the variable t, a piecewise-constant representation was used for simplicity As

mentioned above, it is necessary to evaluate integrals numerically to construct the
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M-th order matrix and the right-hand side. In some cases, single-point evaluation is

sufficiently accurate: in other cases a Romberg algorithm was used.

4. PRELIMINARY RESULTS

Computer programs were developed in FORTRAN to treat each of the two
cases described abovs. Although these codes are configured to treat arbitrarily
shaped cylinders. the focus of this initial study was confined to circular cylinders,

in order to gaugs the accuracy and efficiency of the method employed.

Consider the axial slot case. Table 1 shows numerical results for the muiual
admittance between two slots in a circular cylinder having radivs equal to one
wavelength. Each slot is 0.5 by 0.214 wavelengths in size. 88 cells are used to model
the cylinder for the moment-method approach, and the spatial period is fixed at
15.5 wavelengths. Parameters 2z, and ¢, indicate the spacing batween the source and
secondary slot along the axis and circumference, respectively. Table 2 shows data
from the literature [S5] for comparison, for the same size cylinder with similar slots
(these were 0.5 by 0.2 wavelengths). Note that it appears from ‘iable 2 that the
asymptotic data is not very accurate for this particular cylinder. which is to be
expected since the radius is not large compared to the wavelength. The agreement

between the numerical solutions and the exact (modal expansion) appears excellent.

Similar data for the circumferential case is shown in Tables 3 and 4. for a
cylinder cf one wavelength radius modeled with 88 cells. The slot dimensions are
0.5 by 0.2 wavelengths, and the spatial period was 18.5 wavelengths. In this case,
the agreemen! is not as good as it was with the axial case. It is felt that additional
care needs to be taken with the numerical modviing of the source slot (i.e., eliminate
the piecewize constant representation of the source distribution) in order to improve

the accuracy.
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TABLE 1

Num&k&l solution for the mutual admittance between axial slots in a circular
cylinder with radius of one wavelength. The slot sizes are 0.5 by 0.214
(wavelengths). The distance between the centers of the slots is given in terms of
(2 0. $o) where z, is in wavelengths and ¢y in degrees. This numerical solution used

a spatial period of 15.5 wavelengths.

29 @ Wopl.dB  arg(Y,,). degrees
cS O -712.6 19.5

10 0  -368 -176.0

20 0 -1010 -175.0

0.0 45 -78.3 144.0

0.5 a5 -82.5 104.0

10 45 -90.0 2.3
20 45 -101.0 67.2
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TABLE 2

Exsct (medal) and asymptotic data from reference [S] for comparison to Table 1.
Data for slots of size 0.5 by 0.2 wsvelengths in circular cylinder with radius of one

wavelength. (Modal data only available for a few cases)

(exact) (asymptotic) |

2o | @ | Wppl.dB | arg(¥ap) | Wepl dB | arg(Y,p)

05, 0 N/A N/A -70.1 23

10} 0 -37.1 -1N -86.7 -173

201 0 -100.0 -174 -99.4 -177

00 | 45 N/A N/A -74.9 130

05 ] 45 N/A N/A -79.1 90

101} 45 -89.2 2 -87.3 -15

20 | 45 N/A N/A -99.8 49
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TABLE 3}

Numerical solution for the mutual admittance between circumferential slots in a

circular cylinder with radius of one wavelength. The slot sizes are 0.5 by 0.2

wavelengths. The slot spacings are giver in terms of (2, ¢,) where 2z, is in

wavelengths and ¢ in degrees. This numerical solution used a spatial period of 18.5

wavelengths.

2o $o  Wapl.dB  arg(Y,p ). degrees
0.5 0 -68.3 -119
1.0 0 -73.2 68
20 0 -194 n
40 0 -87.7 74.
00 43 -82.8 -117
05 45 -83.8 105
10 45 -32.8 -48
20 4S5 -84.6 -11
40 45 -90.1 17
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TABLE 4

Exact (modal) and asymptotic data from reference [S] for comparison to the data of

Table 3. Data for slots of size 0.5 by 0.2 wavelengths in circular cylinder of one

wavelength radius. (Modal data not available for all cases)

(exact) (asymptotic)
2o | g0 | Wyt o | argp) | woy o | argtray)
035 ;0 -67.9 -117 -61.7 -117
10| 0 -72.5 67 -72.3 68
20| 0 -71.5 68 -717.2 70
40| © -82.2 66 -82.1 68
00 | 45 N/A N/A -86.7 -110
03] 45 N/A N/A -85.9 130
1.0 [ 45 -82.3 -26 -82.7 -24
201 45 N/A N/A -82.6 9
4.0 | 45 N/A N/A -83.2 32
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For the data presented here, the squivalent spatial period was chosen to be at
least six times the maximum slot spacings in z. Errors on the order of 3 dB or more
were observed for examples with smaller period sizes. For all of the test cases run
to-date. the mutual impedance appears to stabilize to & value oace terms up to y=20
are inclided in the inverse transform of Equatier (1.10). In fact, for slot
sepirations invulving nonzero ¢y, a much smaller value of y appears sufficient. For
the admittance calculation, five point integration was used to compute Equations

(1.3) and (1.4).

The computer execution times needed for the above calculations vary with the
spacings between slots (the necessary spatial period and the associated sampling
interval in y). whether the axial or circumferential case is being used. and the
number of terms retained before truncation in y. As a rough guideline, data
collected to date rejuired between one and five miruies of execution time (per
source slot) on the CDC CYBER 175, or two to ten hours on an AT&T 6300 desktop
personal coraputer. It is felt that cylinder geometries up to about ten wavelengths in
circumference can be treated within this execution time range. Of course, if desired,
much larger cylinders could be treated with a corresponding ‘ncrease in memory

and execution time requirements.

5. ADDITZONAL DISCUSSION

While the numerical procedure outlined in this paper can not hope o compete
with the accaracy of exact modal! solutions or the eficioncy of asymptotic
approaches for ile treatment of circular geometries. it is easily extendidle to
cylinders that are arbitrarily shaped. The nunierical solution car. also be¢ used to
ireat cylinders with finite surfacc rcnductivity using an irapedance type of

boundary condition [17]. In general. an impedance condition will cause coupling
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between transverse and axial components of current, and require the sclution of a

iarger order matrix at each stage than required for the perfect conductor case.

The method proposed here is not without limitations, however. First, in
comparison 1o the asymptotic methods the numerical scheme typically requires a
much larger amount of computation time 10 obtain an accurate solution. Second.
the magnetic field integral equation used for the formulation occasionally suffers
from nonuniqueness problems associated with cylinders that are azlso resonant

cavities. The non-uniqueness  .oblem can be avoided by the use of the combined

field foracuiation [18).

It appears from this preliminary study that it is feasible tc approach the
mutual coupling probleid in the manner outlined above. The tradeoff betwee'n
accuracy and efficiency may limit the method in practice to the treatment of
cylinders with circumferences on the order of tens of wavelengths, yet no other
technigue exists with complete flexibility as to the surface shape. Future work will
concentrate on the improvement of the accuracy for the circumierential case and the

resolution of some of the pctential problems discussed above.
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; Abstract
\"YQ
Conventional monopulse planar arrays designed for Llow
sum sidelobe Llevels suffer from high sidelobes in the
. two difference patterns. The monopulse functicn is obtained
iby combining the outputs of the four quadrants in a monopulse
comparator, hence the amplitude tapering is the same for
the sum and the two difference modes. The phase reversal

and the amplitude discontinuity when forming the difference

modes causes the high difference sidelobe levels. 7(1

This paper discusses a technique to accomplish Low sum

and difference sidelobe Llevels without going into a complex

feed design.
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The basic idea consists of creating & hole in the civference
excitation functions at the center of the array. This

results fn a smoother projected lincar distribution. The
technique is realized with a passive lossles feed network.

A computer simulztion of a monopulse planar array is presented.
An improvement of 7 db inlthe cifference sidelobe Llevel

is denonstrated without affecting the sum pattern,

INTROPUCFION

»

- iIn order to obtain great pracision in search- and track
radare it has Seen found desirable to utilize monopulre
antennas. In such a system a sum mode and two spatiall}
orthogonal difference modes are provided to derive the

angular location of the target.

A widely used antenna for phase monopulse technique is

the planar slot array. The antenna aperture is divided
into four quadrants and the monopulse function is obtained
by combining the four outputs in a monopulse comparator.
The sum pattern is achieved with all quadrants added in
phase and the difference patterns are achieved with pairs

of quadrants added in phase reversal.
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The amplitude tapering of the antenna excitation is thus

the same for the three wmodes.

Theoretically, the three excitations can be independently
tapered since they represent orthogonal functions. However,
the required feed netuwork is usually considered too complex
to make @ practical design attractive at least for a slotted
waveguide antenna.

This paper presents a technigue to simultaneously realize
low sum and difference sidelobe levels without going into

a complex mechanical design.

INDEPENDENT EXCITATION CONCEPTS ‘

A tradeoff between the optimum sum and difference beam
performance is required when the three monopulse modes

are not independent of each other. Assume that an optimum
sum pattern is choosen then the sidelote levels of the

two difference patterns are unsatisfactorily high because

of the abrupt phase discontinuity between pairs of quadrants.
Similarly, when the design is optimized for the elevation
difference pattern both the sum and the azimuth difference
patterns will experience high sidelobe levels. This dilemma

is jllustrated in figure 1.
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Figure 1 Excitation functions and corresponding radiation

patterns of a conventional monopulse array antenna.
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SoripReee

l

A comproaise is not a verv good solution either since

the optimum excitations of the three modes are vastly

different. However, a technique has been suggested (reference 1)

for a planar waveguide fed slot array. The compromise

design is created by taking the average of the slot offsets
snd slot lengths for the three optimum modes. This technique
permits improvement in the difference pattern sidelobe
levels at the cost of some degradation in the sum sidelobe

level.

In stripline-fed slot arrays a rather complex feed network
can be employed in order to improve the performance of

the three mcnopulse modes (refereince 2). Each quadrant

is partitioned into a number of subarrays which can be
independent ly excited for the three modes. For eanii set

of four symmctrically located subarrays, a sum and two
difference signals are created with separate monopuise
comparators. AlL sum signals are then combined to form

a total sum signal :tc. Thus there are three separate
networks to individually optimise the weighting of the
subarrays for the three modes independently. This is gained
at the expense of some increased loss and of going into

2 multilayer circuit design.
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A complete independent realization of the three monopulse
modes requires control of the amplitude and the phase

of each alement or pair of elements. A network that permits
that has been presented (reference 3). A nested feed concept
has been emnloyed for a 112 element primary feed array.

The need to perform a tradeoff between the three modes

is eliminated at the cost of using a great number of stripline

boards and coaxial cables.

IMPROVED SIDELOBE PERFORRANCE

An optimum sum amplitude excitation and an optimum difference
amplitude excitation differ mainly close to the center

of the array as seen in figure 1. The optimum difference
excitation has an amplitude blockage or hole at the center
besides the usual phase reversal. An improved difference
amplitude excitation is thus obtained by subtracting power

from the optimum sum excitation at the center of the array.

A practical technique is to design the array for an optimum
sum mode and physically divide the array into five subarrays.
First one part is created at the center of the antenna

while the rest is equally divided into four parts. See

figure 2. A conventional monopulse comparator is connected
to the outputs of these four subarrays to form a sum and

two difference channels,
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Figure 2 Improved monopulse array arntenna
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The center subsrray is coupled in phase directly to the

sum channel of the comparator to form a total sum channel.
Hence, all subarrays are active and the optimum sum amplitude
excitation is choosen as in a conventional monopulse array

antenna.

The difference channels are formed with only four subarrays
active thereby excluding the center part. The size of

the center subarray controls the difference patterns and

it can be adjusted without affecting the sum mode. Since
part of the antenna and feed network are common for both
the sum and the different modes these are not completely

independent.

Howevar, this new feed method provides a monopulse antenna
having good radiation patterns and in which the monopulse
modes are separately designed for optimum performance.

The extra lossles feed network that is necessary is very
simple and it caii be realizable both in waveguide and

stripline technology.
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COMPUTER RESULTS

The technique just described has been used to design a
circular mcnopulse siLot array having 148 elements. The
diameter of the antenna is 300 mm and the interelement

spacing is 20 ma. The design frequency is 10 GMz.

A 25 dB circuiar Taylor distribution is desired for the

sun acde. Typical calculated cuts of the sum and differsnce
mnjes are given in figure 3 for a conventional moncpulse )
slot array. The sum sidelobes are below =25 dB and the

neak difference sidelobes are only =14 dB below the sum

beam peak.
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Figure 3 Computed radiation patterns of a conventional

monopulse array antenna.
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An {mproved differance pattern is achieved by intreducing

s fifth subarray at the center of the antenna. The size

of tha centar part controls the difference sidelobe Levels.

The maximum sidelobe level along the H-plane has been calculuted
for different sizes at the center part. The result is platted

in figure 4. The sidelobe level decreases with increasing

size until the diameter of the center part is about 0.4

of liwe aiwenna diameter, Thus it is posailLle in this example

to ‘aptrove the difference sidelobe level up to 7 dB by

oxcludiag the center part of the antenna when forming

the difverence modes.

An example of ocartiticning the monopulse array antenna

is given in figure 5. The introduced center part is cross
shaped and it has a diameter of 120 mm. This corresponds
to about 16 X of the total area of the antenna. The same
Taylor distribution as before is used giving an unaffected
sum pattern. However, the center part of the array is

not used in the difference channel thus creating a dip

in the projected Linear amplitude distribution. Calculated
cuts of the sum and the difference patterns are shown

in figure 6 for the improved monopulse slot array. The

sum 3idelobe Levels are as be{ore but the peak ditference
sidelobe is lowered to -21 dB. An improvement of 7 dB

in the difference sidelobe levels is thus achieved.
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Figure &4 Calculated maximum difference sidelobe level

along the H-plane.
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Figure 5 Example of partitioning a monopulse array antenna.
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Figuro 6 Calculated radiation patterns of an improved

monopulse array antennas.
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CONCLAUSTON

A technique has been described which permits improvement

in the difference pattern sidelobe levels for a planar

slo® array. This is achieved by introducing a fifth center
subarray in a conventional four quadrant monopulse array.
This center subarray is coupled directly to the sum channel
axd it is not used when forming the difference channels.
Thus sum and difference modes are designed separately

for optimum performance. The technique is realized with

& passive lossles feed network.
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ABSTRACT

The National Aeronautics and Space Administration is
developing a distributed phased array antenna at the Lyndon E.
Johnson Space Center as a possible upgrads for the Space Shuttle
Orviter S-band phase modulation communications system. The
antenna consists of an eight-element transmit section, eight-
element receive section, and a single L-band receive element.
The antenna design is constrained by the existing Orbiter system
and space environment. The solution to the interface design
problems led to an antenna system which provides improved link
margins and yet supports previous operational configurations.
This paper describes the system development, antenna hardware,
and the interface considerations which led to the final design. 7;;

/
1. INTRODUCTION !

The S-band phased array antenna is being developed to provide
a proof of concept for a possible upgrade to the quad antenna
currently being used for the S-band phase modulation (PM)

communication system on the Space Shuttle Orbiter. The Orbiter
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has historically cxhibited less than desirable link margins with
this system, and a phased array antenna is one solution to this
problem. The phased array antenna also uses solid state

components, which do not have the arcing problems of the current

antenna.

The current antenna cnnsists of two crossed dipole antennas
that can be switched to produce two beams. The Orbiter has four
of these antennas mounted in the forward fuselage (Fig. 1), hence
the name "quad antennas." Depending on which quadrant the signal
is in, the antenna system utilizes one of the four antennas in
one of the two buum positions, during normal operation. 1he
current anterna thus limits the Orbiter to eight beam positions

for full spunerical ccverage. Antenna coverage is at least 3 dB

T ]
ANTENNA
LOCATIONS
s
-~
ANTENNA /
LOCATIONS

- Fig. 1 S-band quad antenna placement on Space Shuttle Orbiter.
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for only 50% of the sphere. Because the power is generated via a
traveling wave tube amplifier before distribution to the
antennas, the switches at the antenna locations to control the
beam position are mechanical. These switches have demonstrated

arcing problems on past Orbiter missions,

2. SYSTEM DEVELOPMENT

The original phased array antenna syscem cesign was a .2ssive
phased array with no active components at the array level. An
active component is defined us one requiring direct current (dc)
power to operate, such ¢s an amplifier. The addition of active
amplifier3 for both transmit and receive functions significantly
improved the calculated link margin of the phased array antenna
and also allowed the power amplifier and preamplifier to be re-
moved from the S-band PM system. This concept had been investi-
gated previously, but the heat load at the antenna was too high
to> be dissipated passively. A new design was initiated in 1984
because of advances in amplifier teciinology that promised a
reduced heat load, making the possibility of flying an active
array again feasible.

The initial 1984 phased array antenna design called for a
1h-element active array. The design included a microprocessor
controller far selecting the antenna beam and setting the phase

shifters. Fach element would be part of an electronic chain
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consisting of a phase shifter, a circulator after the phase
shifter to isolate the transmit and receive paths, a high power
amplifier (HPA) for the transmit path, an isolator to protect the
output of the HPA, a second circulator to isolate the transmit
and receive paths at the antenna port, the antenna element, a
filter for the receive path, and a low noise amplifier (LNA) for
the receive path. Each phase shifter would be connected to a 16-
way poiier divider to rring the combined signals to the single
radiofrequency (RF) port which presently exists in the quad
system configuration.

Further system studies identified microstrip antenna elements
as the best element candidate because of the low profile. The
only disadvantage was an inherently narrow bandwidth which would
not cover the entire banc from 1.7 to 2.3 GHz, A study of
alternate system configurations led to the concept of scparating
the transmit and receive functions in the array, thereby removing
the requirement for the two circulators. The narrow bandwidth of
the microstrip element also protects the receive path, which
deleted the requirement for a filter, since the isnlation between
transmit (2.2175 and 2.2875 GHz) and receive (2.0419 and 2.1064
GHz) is now provided by the system configuration. The reduced
area of the individuval transmit and receive arrays i3 compensated

for by the reduction in path loss due to the removal of the
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circulators and filters. A single element at 1.7% GHz was
designed to cover the requircment for 1.7767 and 1.8318 GHz for
the Space Grourd Link System. A triplexer is included to combine
the transmit, S-band receive, and L-band receive on the single RF
port.

The cight-element receive and transmit subarrays are oriented
so that there are four elements in the roll plane and two
elements in the pitch plane. This placement allows for three
beams across the pitch plane (180° from nose to tail) and seven
beams across the roll plane (45° from the ton to side or side to
bottom). The three-bit phase shifters result in a phase
resoiution of 45°, which results in 21 beams per antenna (Fig. 2)
or 84 beams per Orbiter. The narrcwer beamwidths significantly
improve the directivity and, therefore, gain of the antennas.

The phased array antenna has a calrulated gain of 13 dB on
boresight and 9 dB when scanned +¢0° off boresight, which does
not include element gain. The effective isotropic radiated power
of the antenna will vary from 26.7 dBW on boresight to 24 dBW
when scanned 70° from boresight. Antenna coverage is calculated

to be 10 dB over 85% of the sphere.

A schematic of the array is shown in Fig. 3. The radiating

elements, triplexer, and microprocessor controller were designed
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and fabricated in-house. The liPA's, LNA's, power divider/
combiner and phase shifter subassembly, and active liwiter were
purchased. The operating temperature range for all components
was specified as -25° to +65° C, and the nonoperating temperature

8
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Fig. 2 Three dB gain contour.
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range was specified as -65° %o +100° C. The array components are

discussed individually in the following section.
3. ARRAY COMPONENTS

The radiating elements for the S-band phased array antenna
consist of 17 microstrip elements: 8 transmit, 8 receive, and 1
L-band receive for che Space Ground Link System frequencies.

Each slement is cdesigned as a rectangular microstrip patch with a
corner feed. The two orthonormal modes thus excited provide
right hand circular polarization. The antenna elements are
fabricated from a 0.3175 cm taick Rogers 5880 duroid substrate.
Element spacing in the pitch plane is every 0.47 wavelength and
in the roll plane is every 0.56 wavelength. The layout is shown

in Fig. 4. Element voltage standing wave ratios (VSWR's) range

DC
DC — L—{" HiGH POWER
SLINES AMPLIFIER
R — POWER TRANSMIT
ACTIVE | | DIVIDER/ De ANTENNA
LIMITER COMBINER o T
ANO ) AMPLIFIER
) pr:xa 8 LINES A EGEIVE
TRIPLEXER}—> SH DC ANTENNA
> SUBASSEMBLY
' ' MICROPROCESSOR
t ~ CONTROLLER
RFIN
RF OUT Ah?:::,‘ DIGITAL
CONTROL

Fig. 3 Phased array antenna schematic.
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from 1.15:1 %o 1.5:1. The peak gain of the elements ranges from
4.4 to 7.3 dB.

The triplexer for the S-band phased array antenna is required
to separate the transmit, receive, and L-band receive paths.
This triplexer consists of a common RF port for the antenna RF
connector, a circulator to separate transmit and receive, a
matching network to combine the received signal from the >-band
LNA's and the L-band eliement, bandpass filters for each receive
frequency, and isolators for each receive frequency (Fig. 5).
The isolators and circulator provide channel isolation, and the

circulator also reduces the insertion loss in the cransmit path

Fig. U4 Radiating aperture layout.
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and therefore improves the transmit link margin. A transmit
bandpass filter is included, because the initial design did not
include the circulator, and transmit signals were therefore
required to go through the matching network. With the addition
of the circulator, the transmit bandpass filter is no longer
required and is therefore connected to a 50 ohm load. For each
path, the VSWR's are 1.13:1 or better, and the highest insertion
loss is 2.9 dB between the common output and the S-band receive
input, which does not significantly degrade the link margin since
this loss is after the LNA's in the receive path. Isclation is
75 dB from the common input to the receive inputs and greater

than 20 dB from the receive inputs to the transmit output.

TRANSMIT
OUTPUT
RECEIVE
BANDPASS f‘:flf.l'."s
FILTER
COMMON @ MATCHING ANDEnes LS
IN/OUT NETWORK FILTER S
L-BAND
BANDPASS ). L-BAND
FILTER INPUT
L- NW

Fig. 5 Triplexer block diagram.
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Isclation is greater than 48 dii from the transmit output to the
receive inputs,

Tie microprocessor controlier for the S-band phased array
antenna sets the phase shifters based on the desired pointing
angle and returns telemetry data. Roll and pitch angles are
compared to & data list which determines the beam, The phase
shifter bit pattern for this beam is then output to the phase
shifters. The microprocessor returns telemetry consicsting of tlie
selecived beain number, mizroprocessor health data, one of the HPA
temperatures, and a flag for the HPA RF power levels. The data
exchange occurs every 2 sec, which meons that it takes 16 sec to
poll all of the eight HPA temperatures.

The HPA's are placed in the transmit paths to raise the power
Just before the antenna elements. Each three-stage amplifier was
specified to produce 7 W RF output at the transmit frequencies
and be at least 30% efficient. When these amplifiers were tested
at -25°, +23°, and +65° C, the highest temperaturz tended to
produce a slightly low output power (6.62 W minimum, instead of
7 Wj. Efficiencies range frox 32.0% to 42.5%. Circulators are
included internally on the input and output of each HPA to allow
the HPA to operate with a VSWR of any magnitude and phase, on
either input or output. The HPA temperature and detected RF

output power level are provided as dc voltages.
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The LNA's are included in the S-band phased array antenna to
reduce the noise figure and increase the signal~to-noise ratio.
There are eight LNA's, one for each of the eight receive
elemcuts. The candidate [.NA was placed in the Electronic Systems
Test Laboratory Orbiter S-band PM receive configuration. The bit
error rate was improved by 1 dB when the Orbiter S-band pre-
amplifier was replaced with the candidate LNA. The LNA's for the
array were therefore ordered with gain tolerances from 35.0 to
36.5 dB arid a 1.5 dB noise figure. Actual test data show that
the LNA's have noise figures of 1.28 dB maximum and a maximum
VSWR of 1.8:1. The total power dissipated by all eight units is
9.62 W.

The 16 phase shifters, 8-way power divider, and 8-way power
combiner for the antenna are integrated into a single suvassembly
that requires less volume and provides a lower insertion loss
because of the direct connections from the phase shifters to the
power divider and power combiner ports. Insertion losses are
12.9 dB maximum and VSWR's are 1.52:1 maximum. The minimum
isolation is 18.7 dB.

An active limiter is inserted in the receive path of the
antenna to protect the Orbiter S-band transponder from excess RF

energy. The device limits the RF power to -25 dBm in the receive
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path between the power combiner and the triplexer and is

reflective when limiting.
4. ORBITER INTERFACES

The existing cavity in the Orbiter must be used for thc
S-band phased array antenna, since fabricating new holes in the
Orbiter structure and rcuting new cables would be too costly.

The cavity was therefore defined as the maximum available
envelope for the phased array. The current antenna does not
utilize all of the cavity, so a study was performed to define the
limits of the cavity. It was found that the cavity was smaller
toward the front of the Orbiter, and that the upper and lower
cavities differ. The antenna housing for the upper right antenna
based on the cavity dimensions is shown in Fig. 6. All of the
antenna components must be mounted in this housing, as shown in
Fig. 7. The phased array antenna requires one more connector
than the current antenna, so the connectors on the housing had to
be placed to fit through the hole in the skin in the Orbiter
during mounting.

The phased array antenna is designed to be cooled passively,
since it is impossible to route cooling lines to the antenna
locations without modifying the Orbiter structure. The phased
arrﬁy antenna can dissipate a maximum of 94 W of heat using

cooling straps tied to the frame of the Orbiter.
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The phased array antenna requires pointing angles in roll and
pitch to set the correct phase shifter bit pattern. This
information is generated in the Orbiter antenna management
software and can be routed to a multiplexer/demultiplexer (MDM).
The phased array antenna interfaces with the MDM via a digital
control line. Telemetry from the phased array antenna is also
passed through the MDM.

The Orbiter has the capability of allowing the crew or ground
contrnl to select one of the existing eight antenna beams. To
maintain this function, the phased array antenna has a mode which

miwics the fore or aft beam of the current antenna if the

Fig. 6 Antenna housing for upper right phased array antenna.
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pointing angles are not prese..t on the digital control line.

The current antenna has cnly 28 V de¢ puwer suppliea to it.
The phased array antenna requires a variety of de¢ power levels
for its active components. Rather than convert the de power at
the antenna location and generate additional heat, the de power
is converted in the Orbiter avionics bay, and separate dec power
lines are then routed to the antenna locations.

The phased array antenna requires less input power than the
current antenna, since the power level is boosted at the antenna
elements by, the HPA's on transmit and the LNA's on receive. For

this reason, the preamplifier and power amplifier in the S-band

Fig. 7 Phased array antenna components mouiited in housing with
walls removed.
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PM system can be removed for the phased array antenna system.
This saves power and also leaves more room in the avionics bay

for other avionics system components.
5. CONCLUSIONS

The phased array antenna will maintain a better link murgin
during all modes of operation than the current antenna and has
produced a more efficient system requiring less power. The
phased array antenna will provide 10 dB over 85% of the sphere,
compared to 3 4B over 50% of the sphere for the current antenna.
In addition, the arcing problem of the current antenna has been
overcome and additional benefits of more room :n the avionies bay
will be achieved. Current estimates predict that the phased
array antenna system will be half as expensive as the current
antenna system.

Final assembly and testing is planned for the remainder of
1986 with environmental tests occurring in early 1987. The
results of ali these tests will then be presented to the Space
Shuttle Projects Office with specifications for an operational
system and final recommendations. The decision whether to
retrofit the existing Orbiters or to include the phased array

design on future Orbiters can then be made.

—
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Tg) A HEMISPHERICALLY SCANNING X/KA BAND MIRROR ANTENNA
[ )
b= Kurt Hollenbeck
nl. Dr. Oren Kesler
Q Texas Instruments, Inc.
< Antenna Department
McKinney, Texas
- Qverview:

k Texas Instruments, under contract to Naval Surface Weapons

~p
Center (NSWC), has delivered the first proof of ccncept, prototype X

and Ka band Mirror Scanning Antenna to the Navy. This antenna is a
candidate for the Navy’'s new generation of ship self defense vieapon
systems and culminates over two years of work by Texas Instruments’
Antenna Department.

Several unique operational features are offered by the Mirror
Scanning Antenna. Thece features include full hemispherical scan
coverage, simultaneous X ar:d Ka band dual plane monopulse tracking,
rapid scan rates, variable scan modes, high Ka band power handling
ability, and an integral weather tight protective radome. «f .

These features allovw the Mirror Scanning Antenna to be used for

shipboard tracking of muitiple incoming low flying, low observable

aircraft and sea skimming missiles. The dual frequency capability

. allows incoming threats to first be located with the broader beam of

the X band signal then accurately tracked with the narrow beam high

power Ka band signal. The high Ka band power can then be used to
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exploit slight surface irregularities on a low observable target to
further enhance target tracking against the s.a clutter environment.
Rapid scanning allows several targets to he tracked at once giving the
Navy multiple tracking channels from a single antenna. Variable
scanning modes allow an optimum scanning method to be used
depending on the t.rget ciassification, sea clutter environment and
target trajectory. The rugged integral radome ptotects the system
from the harsh ship deck environment.

Antenna Operation:

The Mirror Scanning Antenna consists of four main components.
These components, shown in figure 1, are the hydrauiic gimbal, the
duel band feed, the parabolic radome/transreflector and the twist
reflecting mirror.

The antenna system, in the transmit mode, operates under the
foilowing principles. Energy which is linearly polarized leaves the feed
horn and strikes the parabolic transreflector. Embedded in the
transreflector is a wire grid that is parallel to the direction of the
inciuent linearly polarizad electric field. Upcn striking the grid, the
spherical wave front from the feed is collimated by the reflection from
the parabolicaily shaped transreflector. The reflected energy then
travels rack toward the twist reilector mirror structure. The energy
impinging updn the twist reflector mirror is then reflected back
toward the transreflector with the linear polarization rotated by 90

spatial degrees. @ When this re-reflected energy strikes the
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transreflerter grid it is polarized perpendicular to the grid and thus
passes through the transreflector and out into space.

To achieve a scanning beam from this antenna it is only necessary
to move the twisting mirrar structure to an angle other than along the
transreflector axis. When the polarization twisting mirror is gimbaled,
the reflected energy from the transreflector is maved through space at
twice the angle of the twisting mirror. This two to one angle
advantage allows the antenna beam to be scanned to 90 degrees while
only moving the twisting mirror structure to 45 degrees. It is this two
tn one angle advantage which allows the Mirror Scanning Antenna te
rapidly track multiple targets that are widely spaced.

Antenna Requirements:

To fulfill the mission of ship self defense, the Mirror Scaning
Antenna must meet certain requirements. These parameters include
complete hemispherical scan coverage, 10% instantaneous frequency
bandwidths centered arcund 9.0 GHz and 35.0 GHz, narrow
beamwidths, moderate sidelobe levels and high power handling
capability at Ka band. These design parameters and their desired
performance goals are listed in Figure 2.

The need to handle average power levels of 10 Kilowatts and
peak power levels of 100 Kilowaits at 35.0 GHz required special
attention in the design of the antenna. It was necessary to pressurize
the waveguide feed assembly to prevent high power dielectric

breakdown and subsequent arcing. In order to pressurize the feed
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assembly, a high power ceramic feed radome was placed over the open
end of the feed horn. In addition to feed pressurization, the entire
teed assembly was surrounded by water jackets for cooling purposes.
Low loss, high temperature dielectric materials were used to insure
that the transreflector and twist reflector would not burn up during
high power operation.

Hardware Description:

Hydraulic Gimbal:

The hydraulic gimbal for the Mirror Scanning Antenna was
designed and fabricated by Dr. L. H. Russell from Naval Surface
Weapons Center. The gimbal uses hydraulic actuAators to apply torque
to the upper and lower gimba! 3rms. The gimbal arms are attached to
the mirror plate of the antenna through spherical bearings. The
gimbal is shown in figure 3. As the gimbal arms are move, the mirror
plate is also moved and the antenna is scanned. Using this
hydraulically actuated gimbal scheme, the mirror plate can be moved
to any location from 0 to 48 degrees with an accuracy of 0.01 degrees.
The speed and precision of this gimbal mechanism allow the antenna
to accurately track multiple targets throughout a hemispherical region
of coverage.

Dual Band Feed Assembly:

The Mirror Scanning Antenna uses a X/Ka dual band four lobe
monopulse multimoded feedhorn. The multimoded feedhorn was

chosen over a conventional four horn feed for improved performance
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between the sum and difference channels. This improved performance
is the result of batter power distribution to the reflector as well as
keeping the sum znd difference channels at the reflector’s focal point.

The feedhorn assembly consists of eight main sections: the
adapter block, comparators, Ka band waveguide adapter section, X/Ka
waveguide combiner section, waveguide extension section, X/Ka
waveguide adapter section, feedhorn/moder section and the feedhorn
radome. These sections are surrounded by water jackets which are
linked together using standard 0.25" copper tubing. The feedhorn
assembly sections are shown in figure 4. Electrical operation of the
feed is based on a four channel monopulse waveguide run feeding a
mulitimoded feedhorn section. The monopulse processing is done in a
waveguide comparator which is located at the input to the feed
assembly. When power is delivered to the feed assembly, it is divided
four ways in the comparator and fed to the multimoded feedhorn in
four separate waveguide runs.

Each of the four waveguide runs must be of equal electrical
length for proper phase summation. As the input power enters the
multimoded horn, each pair of input waveguides are tapered up to the
moder junction. At the moder junction, the energy which was
constrained inside the wavequide pair transfers abruptly into the
multimoded cavity of the ho-n. For signals which are fed into the
moding cavity in phase, the TEjp modes of the input waveguides

transforms to TEq¢'/TE3o* waveguide modes at the moder junction to
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form the antenna sum beam. For signals which are fed 180 degrees
out of phase, the TEg input waveguide modes transform to form the
moding cavity TEyo' antenna difference channel mode. This moda
forming is shown in Figure 5.

The feedhorn assembly for the Mirror Scanning Antenna
combines both the X and Ka multimoded horns into one unit. This was
done for two reasons. First, it keeps both the X and Ka feedhorns
located at the focal point of the paratclic transreflector and tnus
yields coincident beams. Second, it allows the feed assembly to fit
within the size limitations put forth by the hydraulic gimbal
mechanism.

Twist Reflector:

The twist reflector is a 60 inch diameter circular gimbaled flat
plate which steers the antenna beam in space. The twist reflector acts
both as a reflecting mirror and a polarization rotation device. In the
center of the twist reflector, a hole is cut to allow the feed assembly to
protrude through. Thisisshown in Figure 6.

The function of the twist reflector is to reflect the incident E field
with a 90 degree spatial polarization rotation. This is accomplished by
orienting the twist reflector grid wires at 45 degrees witk respect to
the transreflector grid lines. The field that is incident on the twist
reflector then has half of its energy oriented parallel to the wires,
while the other half of the energy is oriented perpendicular to the

twist reflector wires. The polarization twist is accomplished by phase
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shifting the reflected parallel energy by 180 degrees in time phase with
respect to the perpendicular reflected energy. This phase shift is a
result of the smali metailic wires which act as inductive shunt
susceptance elenients.

The twist reflector circuits are etched on a 0.0025" thick copper
clad fiberglass sheet. There are two layers of circuits spaced apart by
one layer of honeycomb. Another honeycomb layer separates the
circuits from thc aluminum groundplane of the mirror support
structure. A cross-sectional view of the twist reflector circu‘t is shown
in Figure 7.

Radcme/Transreflector:

The radome and transreflector are integrated into a single
structure. The shape of this structure consists of a cylinder with a
parabolic top and a circular mounting flange. A smooth arc is used to
transition between the cylindrical wall and the parabolic top.

The radome consists of two fiberglass skins separated by a iow
density honeycomb core. This sandwich design allows the radnme tc
pass both the X and Ka band frequencies with an efficiency greater
than 90%. The radome sandwich structure transitions into the
electrically opaque solid fiberglass mounting flange area at the base.

The parabolic transrefiector consists of a grid of parallel metal
iines 0.005” wide spaced apart by 0.015”. These metal lines are
embedded 0.005" into the inner radome skin aver the 40 inch diameter

parabolic section. The orientation of the grid is aligned with the
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principal polarization from the feedhorv:f? Ei field. The grid section is
made up of 16 pie shaped sections and one circular section at the top.
Each of these sections was etched flat with curved grid lines so that
once placed on the parabolic tool the locally parallel lines would
project as straight lines. |

The radome transreflector is painted with a white
flourelastomeric hydrophobic paint. This paint helps to reduce solar
heat loads inside the radome and also prevents rain and sea water
from degrading the antenna performance. The completed
transreflector mournited on the Mirror Scanning Antenna is shown in
Figur2 8.

Testing:

Mirror Scanning Antennas have the unique property of having
their linear polarization rotate with the beam scan angle. This rotation
property makes testing aind target tracking more difficult than for a
standard reflector antenna. In this case, the hemispherical scan limits
accentuate this property. Therefore, in order tc be able to take useful
test data, and later successfully track targets, a mathematical solution
to the polarization rctation, with scan angle, was developed.

To solve the transformation and to compute the antenra
po'crization, a mathematical model was constructed which consisted
of a 3x? coordinate transformation matrix. The input polarization to
this matrix vias a simple unit vecior located along the -¥ axis (0, -1, 0).

From here, the known polarization behavior aleng the major axes and
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the 45° axes was imodeled in the 3x3 matrix. This was programmed on
the ccmputer and the on axis performance was verified. Further study
of the polarization behavior showed that the behavior of the
polarization at all angles could be modeied as three separate rotations
' of the polarization vector. The coordinate system for this rotation is
shown in Figure 9-a. The rotation order is as follows: first alpha (c),
'the,h beta (), and finally gamma (y). The first rotation, q, rotates the
original coordinate system abcut the z-axis 30 that the angle 6 now
appears as a rotation about the new x’-axis {(Figure 9-b). The second
rotation, B, causes tho original z-axis to become coincident with the
normal to the rotated polarization vector (Figure 9-¢). The final
rotation, y . is about the new z"-axis of the rotated coordinate system
and is the inverse to the first rotation (Figure 9-d). The final

transformation matrix is listed below.

i i
T {{ = ,i’ where: <i.j. k> isaninitial polarization vector
K at Zenith

<i’,j’, kK’> is the polarizaiion vector with
. the beam pointed in the
direction (0,$) in spherical
coordinates.

cosycosa-sinycosfsinc cosysina + sinycospcosa sinysinf
T= } - 'nycosa-cosycosfsina -sinysina + cesycosPcosa cosysinf

sin fsina -sinBcosa cos
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The antenna was tested for 2 raonths on a 2000’ long range. The
antenna, mounted on top of a 90-foot test tower is shown in Figure 10.
The associated cables coming cut of the antenna are for the hydraulic
lines, the gimbal computer control lines and the RF signal cables. The
hydra:ilic pumps, which powered the antenna gimbal, were located at
the base of the tower while the gimbal computer controller was
located in the control room at the top of the tower.

The range measurements were made to quantify the antenna
performance at both X and Ka frequency bands over many different
scan angles. To quantify the antenna performance, measurements
included beamwidth, sidelobe level, null depth, cross polarization,
gain and X/Ka band beam coincidence. These measurements were
conducted at 20 different scan angle positions for 6 frequencies, (3-X
band, 3-Ka band), in both the principal E and H plane of the antenna.
!n addition to these measurements, a single pattern was measured in a
non-piincipal plane to confirm off axis performance of the antenna.
At *the end of the 2 month testing period, over 500 individual antenna
patterns had been taken.

To successfully test the antenina, a pre-determined set of antenna
range positioner coordinates was computed for every scan angle
measured. These coordinates were based on the previousiy solved
polarization rotation transformation and enabled the antenna to be
measured in the principal E and H plane. The solution of these range

positioner coordinates required the creation of a complete
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mathematical model of bcth the range gimbal movement and the
antenna polarization transformation. Once this model was compiated,
a conjugats gradient method of solution was applied. Thisthengavea
unique solution for pointing the antenna beam down range with the
correctly oriented poiarization needed to achieve the required
principal E and H plane patterns. Figure 11 shows the coordinate
system used for range testing as well as the beam angles associated
with each beam position number.

The beam positions tested were chosen to gain maximum
information about the antenna performance. Because it was felt that
the antenna performance would be symmetric throughout the
hemisphere, intensive testing was done only in one quadrant. Outside
of this quadrant, only select beam positions were looked at to verify
the expected symmetric performance of the antenna. The quadrant
chosen for intensive testing was determined by the direction the Navy
oriented the system during their target tracking experiments.

Testing Results:

Results of the range testing show that the beamwidth, sidelobe
levels, null depth and gain do not change significantly over the
hemispherical scan angles. However, significant changes were seer in
the cross poiarization with scan angle. These changes are the direct
result of the transieflector polarization filter effect nezr zenith scans
and the degrading twist reflector performance at horizon scans.

Because the majority of the antenna parameters remain well behaved
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versus hemispherical scan, a representative set of antenna patterns is
shown in Figures 12 and 13.

Looking at the representative antenna patterns, it is noted that
the 9.0 GHz sidelobe leveis are a very high 9 dB below the main beam.
For 35.0 GHz, the sidelobe levels are better but still high at about 13 dB
below the main beam. These high 9.0 GHz and 35.0 GHz sidelobe
levels are the direct result of extensive blockage from the hole in the
twist reflector mirror plate. In addition to blockage, the poorer X band
' sidelobe levels are caused by the use of a non-optimum X band feed
aperture layout and improper X band focusing. The non-optimum X
band feed layout, selected in the design trades, is the result of placing
the Ka band feed between the two X band feeds. Improper X band
focusing resulted because the phase centers of the X and Ka feedhorns
were not co-located. The optimum focal location for the feed was
therefore based on the Ka band signal to optimize its performance.
Each of the causes of the high sidelobe levels has been analyzed and
much lower sidelobes are expected after the necessary rework is
completed.

Antenna sidelobe levels, beamwidths, cross polarization and gain
levels were measured throughout the hemisphere. These parameters
are plotted in Figure 14 for 9.0 GHz and Figure 15 for 35.0 GHz.
Looking over the data, it is seen that except for cross polarization,
antenna performance remains well behaved over all hemispherical

scan angles. This well behaved performance, even over such a large
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scan volume, is one of the strong features of the mirror scanning
antenna. Because the antenna achieves scan simply by moving a flat
reflecting mirror, there are no unusual performance variations of the
sidelobes, gain or beamwidth levels throughout the i:emisphere.

One parameter which does vary drastically with scan angle is cross
polarization. The apparent erratic cross polarization performance is
the result of two factors. First, the polarization filtering effects of the
transreflector are lost for theta scan angles over 70 degrees. Second,
the twist reflector circuits were designed to give maximum
performance over theta scan angles from 0 to 60 degrees to reduce the
antenna VSWR. Therefore, the cross pelarization performance
variation with scan angle is a combined resuit of the transreflector and
twist reflector circuit operation. It is seen that the worst case cross
polarization occurs at theta =90 degrees (horizon scan) for any phi
angle. Itis feit that with new analytical tools which are now available,
the twist reflector cross polarization performance can be greatly
improved in the future.

The monopulse error slope was computed using the delta/sum
ratio plotted verse scan angle. After the error slope; for the 21 beam
scan positions were computed and plotted, they were condensed to
give an error slope envelope. This envelope represents the bounds of
the error slope curve as the antenna scans throughout the hemisphere.

Figures 16 and 17 show the typical error slope curves for 9.0 and

35.0 GHz respectively. Studying the error slope envelope curves, it is
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seen that the linear region extends over the +/- ha!f power
beamwidth points for both frequency bands. Within this linear region
the envelope for all hemispherical scans narrows. This shows that
throughout the hemisphere, tha antenna performance remains nearly
constant.

An overview of the measured performance of the antenna versus
the performance goals is shown in Figure 18. Most of the causes of the
performance degradation have been located and analyzed. The two
areas of the antenna which need to be upgraded for performance
improvement include the feed assembly and reduction in the twist
reflector blockage. Improvements in these two areas will be initiated

in a performance upgrade program.
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HALF POWER BEAM WIDTH | 0.6°
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FIGURE 3 HYDRAULIC GIMBAL ASSEMBLY
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FIGURE 8

“TRANSREFLECTOR MOUNTED ON THE

MIRROR SCANNING ANTENNA
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FIGURE 10 ANTENNA ASSEMBLY MOUNTED ON TOP OF THE RANGE
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A LIGHTWEIGHT CONSTRAINED LENS FOR
WIDE ANGLE SCAN IN TWO PLANES

Daniel T. McGrath, Capt, USAF
Rome Air Development Center
Electromagnetic Sciences Division
Hanscom AFB, MA 01731

AD-P005 409

-~
/ Abstract

Y,

A new desiqgn principle has been used to construct a three-
dimensional constrained lens whose planar front and back faces
are arrays of microstrip patches. The two arrays face in oppo-
site directions and have a common ground plane. Each back face
element is connected to a front face element by a short length of
microstrip line and a feed—thru hole in the ground plane. The
lengths of those transmission lines is a function of radius, with
the longest in the center. Wide-angle focusing is achieved by the
addition of a second geometric degree of freedom - the back face
elements are not directly behind their corresponding front face
elements, but are displaced radially, with the amount of dis-
placement also varying as a function of radius. %Z““‘“”w“

The experimental model is a 20" diameter lens with a 40"
focal length and 8 BHz center frequency. Scanning to £I0° was
demonstrated with no observable aberrations in either the E
plane or tha H plane other than the feed horn’'s astigmatism. The
overall efficiency is approximately 29%.

This paper will discuss the general two-degree-—of-freedom
lens design and ites specific embodiment inm this microstrip con-
strained lens. sperimental data will be presented to show its
scanning characteristics, losses, and potential improvements.
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1. INTRODUCTION

Constrained lenses have not been considered for many antenna
applications because they are heavy and difficult to produce. A
notable exception is the printed circuit Rotman lens (11, which
unfortunagely, forms beams in only one plane. This paparlintro—
duces a new design for a three-dimensional bootlace lens that is
very lightweight., vet is capable of scanning wide arngles in two
planes simultaneously.

The entire lens structure is 1/8" thick, comprised of two
1/146" printed circuit boards, each of which is a micfnstrip patch
array containing 283 éiehénts in an equilateral-triangular
lattice. The two arreys, whicﬁ are the lens front and back faces
have a comron ground plane and face 1. opposite directions. Each
pair of array elements, one on the front and one on the back, is
connected by two short lengths of microstrip transmission line
and a feed-thru pin going through the grournd plane. RaJdiation
from & {feed positioned henind the lens is captured by the back
face elements and routed along the transmission lihe paths, then
re-radiated by the +trornt face elements.

The lengths of the transmission lines is different for each
pair ot elements, and is a function of radius. A second geomet-
ric "degree of freedom" is applied in order to give the lens good
wide angle focusing: The back face elements are not directly be-
hind their front face counterparts, but are displaced radially,
with the amount of displacement also varying as a function of

radius from the lens center.
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The experimertal model is a 20"-diameter lens with a 48"
focal length, The quality cf its 5° beam remaines good when the
fead 1is mechanically scanned to I0°% in both the E and H planes,
which shows that, consistent with theory, it is free of signifi-
cant scanning aberrations. Since the lens design has no axial
variation (it is gsymmetric in @), these results would hold in any
diagonal scan plane és well. Hence, an array +feed positioned
behind the lens could produce well-focused heams in all direc-

tions within a large cone—-shaped scan refgion.

2. GENERAL DESIGN PRINCIPLES

Our microstrip constrained lens is a practical embodiment of
the two-degree-of-freedom planar lens discussed in [2]1. In order
that both front and back lens faces be flat, there are only two
gerometric degrees of fresdom available with which to attempt to
achieve wide-angle focusing. Those degrees of freedom are the
length of transmission line joining peirs of elements and the
relative locations of front and back face elements. A cross-—-sec-
tional view of the lens is shown in Figure 1 - note that the back
face elements are not directly behind their front face counter-—
parts. Finding equations for the line lengths and element loca-
tions is a straightforward matter of assuming two perfect focal
points at (z,r)=(-FcosB,,tFsind,) and equating path lengths +rom
either point through the center of the lens and through an arbi-
tréry point away from the center of the lens. This wrocedure

results in the following expressions for the back face element
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locations p and line lengths W [3:46):

F2-r2§in29° 1/2

p=r (1)
Fe-p2

W= F + Wo = SLF24p2-2pFsin®,11/ 2. 50F2+p242pFsinee 1172 (2)

For. a thres-dimensional lens, equations (1) and (2) remain the

same, but r ahd p are now the radial coordinates in the front and
back faces, respectively, as illustrated in Figure 2. The best
choice for the focal angle is 8,=0, which forms a single on—-axis
focal point. In the three-dimensional lens, that yields the lar-
gést scan region for any given maximum path length error. This
lens design is theoretically capable of maintaining low sidelobe
patterns within a solid angle 36 beamwidths across [21].

There 1is a wide latitude to choogse the type of radiating
elements and transmission lines. For example, open-ended wave-
guides with coaxial lines, foldad dipoles with parallel-wire
lines aand microstrip slots with stripline transmission lines are
a few possibilities. We have chosen microstrip patch radiators
with microstrip transmission lines because that construction "
offers the ultimate in light weight and fabrication ease. It is

the planar geometry of thz two lens surfaces that makes the micro-

strip lens possibie.

3. THE MICROSTRIP CONSTRAINED LENS
The detaile of the MCL's construction are illustrated in

Figure 3. which shows & sirgle pair of elements, one on the front




face and one on the back face. The entire structure is two
printed circuit boards, one double-side clad and one single-side
clad. The double-sided buard forms the aperture side array and
the common ground plane, and the single-sided board forms the
back face array. There are small apertures in the ground plane
to allow the feed thru pins to go through without touching the
ground plane. Figure 4 shows the mask layout for the front face.
Note that the transmission lines all have aifferent lengths.
Figure O is the back face mask. We have developed an algorithm
that determines tha correct layout for each transmission line
depending on its length and the relative positions of the elem-~
ents, and incorporated it into the same computer program that
uses a CalcompnGDflatbed plotter to draw the mask artwork.

The lens elements are fairly standard rectangular microstrip
patch radiators, approximately b=.49A./v€ long and a=.6%b wide,
designed using the transmission line model [4]., The transmission
lines have characteristic impedance of 71Q, and are inset into
the patch for a good impedance match. Figure &a shows a single
patch element in a test fixture, with measured return loss and
radiation pattern in 6b and éc, respectively.

Figure 7 is a photograph of the completed antenna. The two
printed circuits comprising the lens are mounted in a Lexan @D
holder attached t» a mounting plate as shown in Figure 8. The
feed horn is suspended behind the lens so that its phase center

is at the focal point. Table 1 gives complete design parameters.
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4. PERFORMANCE

Two versions of the MCL were constructed, each on epoxy-
fiberglass circuit board material. The significant difference
between the two was the orientation of the feed thrus: the first
version‘'s feed thrus are exactly as shown in Figure I - the
transmigsion line continues on in the same direction after the
feed thru; while in the secand version, the lines reverse direc-
tion at the feed thru. The first version has better radiation
patterns, but the second version has higher aain. However, both
maintain good quality beams at wide scan angles.
4.1 First Version

We obtained very good radiation patterns with this first
version. Figure ? is an overlay of the on-axis beam and the 10°,
20° and 30° scanned beams. The gain is falling as the feed is
scanned because of the feed illumination (in this instance an 8"
diameter conical hornd: The focal length varies with scan angle
as shown in Figure 10 [3]1, and the feed must be moved claoser to
the 1lens when it is scanned, and will therefore illuminate less
of the aperture (in other words, the aperture efficiency is drop-
ping with scan angle). The usual cos © scanning loss also con-
tributes to this gain decrease. There is some astigmatism evi-
dent in the patterns of Figure 9 (the first sidelobe is blended
into the side of the main beam), which is caused mainly by the
feed horn itself. Franchi [4] found the phase centers of this
particular horn in the E and H planes are approximately 4" apart.

The measured gain of this antenna was 18.2 dBi. Since the
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maximum gain of a 19"-diameter aperture is 3I2.1 dBi, this leaves
13.92 dB of losses to account for. A% pointed cout warlier, the
8" conical horn feed provides a very steep aperture taper with a
—10dB edge 1llumination, corresponding to 4.1 dB taper loss. The
measured gain of the feed horn itself was 1.3 dB less than the
theotetical gain from King (351, Therefore, 8.3 dB of loss is
directly attributable to the lens, and it must have an overall
efficiency aof 15%4.

There are only three identifiable loss mechanisms in the
microstrip lens: attenuation in the transmission lines; active
mismatch of the microstrip arrays; and reflection from the feed
thrus. From previous measurements of microstrip transmission
lines on Epoxy-fiberglass, we know that the average line loss in
this lens will be 1.5 dB. The feed thru reflection loss, on the
other hand, is 4.4 dB, which we have determined by the following
procedure: Figure 11 is the pattern of the lens with a broad-
beam Ffeed (a singleia GHz microstrip patch), scanned to 1.35°.
That scan angle is just enough that the feed does not block the
energy reflected from the lens back face. Note that the back
lobe is 2.5 dB higher than the front lobe, and it is focused!
The only way this back lobe could be focused is if it reflected
from the feed thrus instead of the lens back face (the feed thru
pins are usually located at the midpoints of the transmission
lines and the wave incident from the feed reflecting back from
the feed thrus will have undergone a time delay proportional to

the "w" from eq. (2), and will therefore form a focused beam
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radiating in the backward direction. In essence, the structure is
working both as a lens and as a reflectarray.) Since the reflec-
ted beam is 2.3 dB higher than the transmitted beam through the
lens, the loss due fo feed thru reflections must be 4.4 dB. This
reflection loss was considerably lower in the second lens version
becauge the feed thru design was more efficient.

4.2 Second Version

The second version MCL was identical to the first except
that. the transmission lines reversed directions at the feed thru
points. (This was actually due to a fortuitous fabrication error
in which the back face was etched with the mask negative upside
down. Fortunately, the feed thru locations were generally sym-—
metric about the lens center line, and there was only one pair
of elements that were misaligned and z~annot be connected elec-
trically.) The back laobe is approximately 4 dR lower than the
main beam, hence the feed thru reflection is only 1.5 dB. This
reduced 1loss is evident in 2.9 dB higher measured gain from the
second version (29%4 overall efficiency).

Radiation patterns are shown in Figures 12 and 13 for H
plane scan and E plane scan, respectively for lens version #2.
The feed used in these two cases was a 4.7"x6.0"—-aperture pyrami-
dal horn. There is na deterioration in the pattern when the lens
scans to *30° away from the lens axis in either plane. The wide
angle scanning in two planes demonstrates an essential feature of
the lens: since there is no ¢-variation in the design, .it can

scan to wide angles in any ¢ plane.




5. POTENTIAL IMPROVEMENTS

Our intent in building and testing thias lens was to verify
the relevant concepts of (1) the "two-degree-of-freedom lens' de-
sign and (2) its embodiment in this "microstrip constrained
lens." For expediency we made some tradeoffs that hurt the over-—
all antenna performance (gain and sidelobe levels), In future
versions, we will need a better feed thru design, a patch elem-
ent design that minimizes the active array reflection coefficient,
ugse of a low—-loss printed circuit material (such as PTFE), a
shorter focal length to prevent spillover and a better feed to
lessen the taper loss and provide a low—-sidelobe illumination.

Obviously, given the much higher gain of the second lens
version, the feed thru design is very critical. The relative
angle between the two transmission lines seems to affect its re-
flectiaon. We suspect that the diameter of the shorting pin, the
diameter of the hole in the common ground plane, and the diameter
of the "pad" on the end of the line are also impartant. It will
take some ¢ perimentation to establish the optimum feed thru de-
sign.

We have not censidered the effert of an active mismatch at
the lens face, although it is usually critical to lens perform—
ance. The patch element used was designed as an isolated antenna,
and is not actively matched to the array environment. The result
will be a mismatch loss at each face, causing added reflections
that contribute to the back lobe and reduce the gain at wide scan

angles.
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The Epoxy-fiberglass material we used is inexpensive, but
lousy. For the same length of transmission lines, a FTFE mater-
ial would redice the line losses from 1.5 ¢3 to .5 dB. Future
versions will use the more expsnsive microwave laminates now that

we know the pitfalls in the fabrication process.

4. CONCLUSIONS

We have used a new design principle, that of the two—-degree-
of-freedom planar lens, to construct a three-dimensional con-
strained lens consisting entirely of two printed circuit boards.
The two versions of the lens we constructed focused a goad qual-
ity beam to £30° in bnth the ¢=0° and @#=90° planes. The better
of the two versions had an overall efficiency of 29%. The most
significant loss mechanisms were the feed through pins connecting
front and back face elements, active array reflection and trans-
mission lii.e atteriuation. In future versions of the wmicrostrip
constrained lens, we plan to use an optimized feed-thru design
(to be found experimentally) to reduce the reflection at those
Junctions, and a low-loss laminate to lower the transmission line
loss.

The results from this first model of an entirely new type of
lens are quite promising. It is extremely light and quite inex-—
pensive, vet is capable of scanning to wide angles in all planes
of @. Those qualities should justify its use in antenna appla-

cations for which lenses have not previously been considered.
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Table 1. MCL Dewign Parameters

o ey, i, e e waee e

Aperture Radius
Focal Length
Frequency
Beamwidth on axis

Element Spacing, front face

Material
Thickness
Dielectric Constant
Eef‘f at 8CGH=z

Element
Length
Width
Inset

Transmission lines
Width
Impedance, Zo

?.5"
40"

8.0 GHz
5.16°

6‘\.=u 75A°=1 L) 1065“
6y=.65k°= - 9583"
Epoxy—-Fiberglass (FR4)
1/716"

4.4

J.444

Rectangul ar Patch
. 3272%
.4572"
. Q950

- 060 1t
71Q
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Figure 1. Linear Two-Degree-of-freedom Lens

Focal
Surface

Figure Z, Planar Two-Degree-of-fFreedom Lens
with Concave Array Feed
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Figure 3¢
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Detail of Interconnection Between Faces of

the Microstrip Constrained Lens
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Figure 4, Front Fece Mask A-twork
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Figure 6, Inset-Feed Microstrip Patch Radiator

a) Photograpn of Element in Test Fixture (above)

b) Measured Return Loss vs. Frequency (below)

c) Measured Radiation Patterns (next page)
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Figure 7.

tlicrostrip Constrained Lens (First Version)
wvith Pyramidal Herp Feed
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Figure 8. Test Fixture (Side Visw)
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Relative Power (dB)

Figure 10. Shape of the Minimum-R.M.S, Error Focal

Arc fur Various Focal Lengths
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Figure 11. H Plane Pattern of MCL #1 Scanned to 1.5°
Showing Back Lobe (Microstrip Patch Feed)
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